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Executive Summary 
The Fort Duquesne Bridge is located in Pittsburgh, Pennsylvania and carries I-279 
across the Allegheny River.  The main river crossing consists of a 426 foot tied arch span.  
This project concerns the northern approach spans to the bridge which carry State Route 
65 and associated entrance/exit ramps.  These spans consist of welded steel box girders 
and bents in a variety of bents.  The design of these spans is extremely unique from both 
an engineering and aesthetic perspective. 
A complete fatigue evaluation was undertaken to address problems observed on 
the bridge during recent periodic inspections as well as to evaluate the overall condition 
of the approach spans with respect to fatigue.  Researchers at the Center for Advanced 
Technology for Large Structural Systems (ATLSS) at Lehigh University were contracted 
by the firm of Michael Baker Jr., Inc. at the direction of PennDOT to conduct the study.   
A detailed instrumentation plan was developed in concert with Michael Baker.  
Weldable resistance strain gages were installed at various details within span 13 of the 
northbound SR65, southbound SR65, and Ramp A box girders.  Additionally, strain 
gages were installed on Bents NB13S, SB13S, and SB15.  Displacement sensors were 
installed to measure relative displacements at web gaps.  The details within span 13 are 
representative of those present on the remainder of the northern approach spans.  
Furthermore, these spans had some of the lowest ratings and therefore higher stresses can 
be expected. 
Controlled load tests were performed with a test truck of known weight and 
geometry.  While normal traffic was stopped, the truck was driven across all 
instrumented spans in each lane at both crawl and normal traveling speeds.  Additionally, 
long-term monitoring was performed for a period of forty days during which time stress-
range histograms were recorded along with stress time-history data.  Estimates of the 
remaining fatigue life were made using these histograms. 
The following summarizes the findings of the fatigue evaluation: 
 
1. Details within the box-girder spans -  The measured stresses at all details 
subjected to primary stresses (this excludes web gap details) were low, on the 
order of 5.0 ksi (stress range).  Based on standard AASHTO fatigue equations, 
infinite remaining fatigue life is expected at these details and therefore no 
retrofit is required.  Refer to Section 6.1 for a complete summary and 
recommendations. 
2. Weld at the fully-rigid bent column bents -  The weld between one web plate 
of a box column to its baseplate consists of a full penetration double-bevel 
groove weld which utilize a 3/4”x3/4” backing bar inside the column (see 
Figure 5.5).  As indicated in the Figure, there is a lack-of-fusion zone formed 
between the backing bar and the baseplate, which acts as a pre-cracked 
condition.  Initial fracture mechanics calculations, using a conservative initial 
flaw size of 3/4” and field measured live load stresses (maximum stress range 
of 5 ksi), indicated that this pre-crack may have extended during the life of the 
bridge and may require retrofit.  The calculations indicate that 12 years of 
remaining life can be expected (see Section 5.5)  To assess these welds, UT 
inspection was performed on eight welds by Fish Inspection & Testing, LLC 
(see Appendix F for details).  No weld cracking, fatigue cracking, nor 
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discernible defects were found in any of the welds tested.  Refer to Section 6.2 
for a complete summary and recommendations. 
3. Plug welds at bent columns -  The majority of bent columns have plug welds 
which connect the closing web plate to the horizontal diaphragm plates.  The 
internal diaphragms are spaced at approximately ten feet intervals over the 
column height.  See Figures C.1 and C.2 in Appendix for a photo and 
drawing, respectively, of these details.  These weldments are susceptible to 
lack-of-fusion zones and shrinkage cracking, and are generally of poor 
quality.  Furthermore, the measured stresses are high enough to cause fatigue 
crack growth if such defects are present.  Fracture mechanics calculations 
were performed assuming a 1/8 inch initial defect, and using measured stress 
range spectra (the peak stress range was 5 ksi), and indicate that the remaining 
fatigue life is greater than 100 years (effectively infinite).  To evaluate the 
condition of the plug welds, a core sample was removed from a single plug 
weld for fractographic examination.  No defects were found in the plug weld.  
Furthermore, there was no sign of fatigue crack propagation from the crack-
like condition.  Complete details of the fractographic examination can be 
found in Appendix C.  UT examination of 24 plug welds was performed by 
Fish Inspection & Testing, LLC (see Appendix F for details).  No weld 
cracking, fatigue cracking, nor discernible defects were found in any of the 
welds tested. 
4. Web gap cracking – Cracking at web gaps formed between the transverse 
diaphragm connection plate and either the top or bottom flange of the box 
birders has been found during routine inspections.  To investigate the nature 
of these cracks, three cores representative of the cracked details were 
extracted.  Figure D.8 in Appendix D contains a photograph of a location 
where a core was removed.  Complete details of the study can be found in 
Appendix D.  Inspection of the crack surfaces of the three cores did not reveal 
the cause for crack initiation, however, it is highly likely that the crack was 
formed during fabrication (paint products were found on the crack surface of 
two of the cores).  Furthermore, there was no evidence of crack propagation 
under fatigue. 
5. Backing bar splices - Previous inspection of several box girders of the 
SR65 Fort Duquesne approach spans revealed that in several locations, the 
longitudinal backing bars (used to fabricated the web-to-flange weld of the 
box girders) were not properly spliced (a complete joint penetration (CJP) 
weld was specified).  Rather, the adjacent backing bars were simply “butted” 
together (see Figure E.1 in Appendix E).  This detail is known to have very 
poor fatigue resistance and has led to fatigue cracking in some bridges.  
Fracture mechanics calculations were performed and indicated that effectively 
infinite fatigue life can be expected, and that the flange of the girder can 
tolerate a large (greater than 2 inches) fatigue crack before fracturing.  
However, to eliminate the possibility of fatigue crack growth from this detail, 
all existing splices were ground out as part of the current project under the 
direction of Michael Baker, Inc.  Complete details of the backing bar 
evaluation can be found in Appendix E. 
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1.0 Introduction and Background 
 The Fort Duquesne Bridge is located in Pittsburgh, Pennsylvania and carries I-279 
over the Allegheny River.  The bridge was opened to traffic in 1969.  The main river 
crossing is a double-deck tied-arch with a span of 426 feet. 
This project concerns portions of the northern approach spans, specifically spans 
carrying state route 65 (north and south bound), and Ramp A (also known as Ramp U), 
which carries traffic from northbound SR65 down to Reedsdale Street.  Figure 1.1 
contains a photograph of the northern SR65 approach spans.  These spans comprise a 
unique system of welded steel box girders connected integrally with welded steel box 
bents.  The connections between the steel bents and the box girders were field welded.  
Concern had been raised regarding many fatigue-critical details on the bridge.  The 
investigation also examined details that are potentially susceptible to constraint-induced 
fracture (i.e., details comparable to those on the Hoan Bridge.) 
To investigate the in-situ behavior of the bridge, Lehigh University’s ATLSS 
Center was contracted by the firm of Michael Baker Corporation to perform a detailed 
fatigue and fracture evaluation of selected portions of the bridge.  The spans selected for 
instrumentation were chosen in collaboration with engineers from Michael Baker based 
on rating information and a review of the design and shop drawings.  These spans are 
believed to be reasonably representative of all spans carrying SR65 in the northern 
approach spans.  The scope of this work included estimation of remaining fatigue life at 
previously identified critical details.  Retrofit strategies were to be developed where 
necessary. 
 
 
 
 Figure 1.1 – Photograph of northern approach spans to the Fort Duquesne Bridge 
carrying SR 65 and Ramp A 
 4
2.0 Instrumentation Plan and Data Acquisition 
The following section describes the sensors and instrumentation plan used during 
the controlled-load testing and long-term monitoring program.  Detailed instrumentation 
plans can be found in Appendix A. 
 
2.1 Strain Gages 
Strain were placed at locations known to be fatigue sensitive and/or to provide 
global load distribution characteristics and general behavior of the bridge. 
All strain gages installed in the field were produced by Measurements Group Inc.  
and were 0.25 inch gage length, model LWK-06-W250B-350.  These gages are uniaxial 
weldable resistance-type strain gages.  Weldable-type strain gages were selected due to 
the ease of installation in a variety of weather conditions.  The “welds” are point or spot 
resistance welds about the size of a pin prick.  The probe is powered by a battery and 
only touches the foil that the strain gage is mounted on by the manufacturer.  This fuses 
the foil to the steel surface.  It takes forty or more of these small “welds” to attach the 
gage to the steel surface.  There are no arc strikes or heat affected zones that are 
discernible.  There is no preheat or any other preparation involved other than the 
preparation of the local metal surface by grinding and then cleaning before the gage is 
attached to the component with the welding unit.  There has never been an instance of 
adverse behavior associated with the use of weldable strain gages including their 
installation on extremely brittle material such as A615 Gr75 steel reinforcing bars. 
These strain gages are also temperature compensated and perform very well when 
accurate strain measurements are required over long periods of time (months to years).  
The gage resistance is 350 ohms and an excitation voltage of 10 volts was used.  All 
gages were protected with a multi-layer weatherproofing system and then sealed with a 
silicon type compound. 
 
2.2 Displacement Sensors 
At several locations where out-of-plane distortions are expected (and cracking has 
been observed during routine inspections) relative displacement measurements were 
made between the top or bottom flange and the web within the web gap.  Linear Variable 
Differential Transformers (LVDTs) were used to record these displacements.  These 
sensors were manufactured by Macro Sensors, Inc, model GHSD-750-250.  These 
sensors are an all-welded stainless steel spring-loaded LVDT specially designed to be 
used in harsh industrial environments where dirt, water, and other contaminates may be 
present (such as a bridge).  Hence, they are well suited for this application.  The sensors 
have a stroke of ±0.25 inches.  LVDTs of this type theoretically have infinite resolution, 
however, the resolution of the measurements was limited by the data acquisition system 
to 8x10-6 inches as configured for this project. 
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2.3 Spans Selected for Instrumentation 
 The design of the northern approach spans is extremely unique, with very 
complex geometry and architectural details.  For the first ten spans north of the tied arch, 
the spans carrying SR65 are double-deck steel box girders supported on two column box 
bent frames.  Further north, the spans carrying northbound lanes separate from being 
above the southbound lane and are supported on single column bents.  The south bound 
lanes continue with Ramp A above are supported on unusual “F” shaped bents. 
 The northbound, southbound, and Ramp A spans all consist of three-span 
continuous units.  Individual double bent frames are located at the ends of each of the 
three-span units.  As discussed previously, several areas of the northern approach spans 
were selected for instrumentation.  The I-279 approaches were constructed subsequent to 
the SR65 spans.  Bolted details were used in many locations in the I-279 spans and are 
known to have superior fatigue behavior.  In addition, the overall detailing in the I-279 
spans is superior to that found in the SR65 spans.  The SR65 spans are all-welded, and 
present more of a concern from a fatigue/fracture standpoint. 
 The three span unit consisting of spans 11, 12, and 13 was selected for 
instrumentation.  This selection was based on the following: 
 
1. A review of rating data – This three-span unit had some of the lowest rating 
numbers in these spans.  Therefore, higher stresses could be expected during 
testing and monitoring and the results would represent an “upper bound” for the 
entire bridge complex. 
2. Comparison of the various span configurations – This three-span unit contains 
several unique features found throughout the complex.  It consists of a combined 
bent at bent SB10 (supporting the southbound, northbound, and Ramp A spans) 
and separate bents supporting the southbound and Ramp A spans at SB11, SB12, 
and SB13S (single column bents NB11, NB12 and NB13S support the 
northbound spans). 
3. Access and power issues – Since this three-span unit is located above the parking 
lot for Heinz Field, access significantly easier.  Furthermore, there appeared to be 
many options for obtaining 110 VAC power. 
 
Figure 2.1 contains a photograph of spans 11, 12, and 13 looking from the parking 
lot on the west side of the bridge.  It can be seen in the Figure that there are double bents 
at bents 10 and 13 since there are expansion joints at these locations (the ends of the 
three-span unit). 
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Figure 2.1 – Overall view of spans 11, 12, and 13 looking east 
 
 
Shown in Figure 2.2 is a view of Ramp A seen from the SR65 southbound 
roadway, looking south.  The Ramp A spans are cantilevered off of the bent columns.  
The SR65 northbound spans supported on single columns can be seen on the left side of 
the photograph. 
 
 
 
Figure 2.2 – View of Ramp A looking south 
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A photograph of bent SB10 is presented in Figure 2.3.  Unlike bents SB11, 12, 
and 13, bent SB10 carries the SR65 northbound spans in addition to Ramp A and SR65 
southbound. 
 
 
Figure 2.3 – View of bent SB10 looking south 
 
 Shown in Figure 2.4 is a view of the Ramp A and SR65 northbound spans looking 
north.  The SR65 northbound spans are carried on single column bents. 
 
 
 
Figure 2.4 – View of spans carrying SR65 northbound and Ramp A looking north 
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In addition to the spans described above, a number of gages were installed at bent 
SB15 (see Figure 2.2).  This bent consists of three columns and a cross girder, all of 
which are welded steel box members.  However, a single column bent carrying Ramp A 
above is supported at mid span of one side of the cross girder.  The other span of the 
cross girder carries the southbound lanes.  Due to the unusual indirect load path from 
Ramp A to the foundation, it was decided to instrument this bent. 
 
 
 
Figure 2.5 – View of Bent SB15 looking north 
Reedsdale St. 
SR65 SB 
Ramp A above 
Bent SB15 
 9
2.4 Summary of Sensor Installations 
2.4.1 General 
 The details found in the northbound, southbound, and Ramp A spans are similar.  
However, the box geometries are different:  Ramp A consists a single-cell box, the 
southbound spans consist of two single-celled boxes, and the northbound spans consist of 
a single two-celled box.  The details of concern are as follows: 
 
1. Bottom flange splice – The bottom flange splice consists of a full-penetration 
groove weld, however the weld was not ground flush (one location). 
2. Termination of bottom flange stiffeners – The bottom flange of the box girders is 
longitudinally stiffened with a structural-T section fillet welded to the flange.  At 
the termination, the stiffeners are chamfered (two locations). 
3. Intersection of bottom flange stiffener and diaphragm – The stiffeners do not pass 
through the diaphragm plate at the bents.  There is gap between the end of the 
stiffener and the diaphragm that varies between 1/2 inch and 1 inch.  The 
intersection between stiffeners and the first interior bent (bent 12) was 
instrumented (two locations). 
4. Web gap at diaphragm connection – Cracks have been discovered within the web 
gap at the diaphragm connection during recent periodic inspections.  The cracks 
are believed to be the result of out-of-plane distortion which causes a relative 
displacement to exist between the transverse connection plate and the top (or 
bottom) flange (two locations). 
 
 Gages were placed at the details identified above within each of the northbound, 
southbound, and Ramp A spans.  A total of seven (7) gages were installed in each span.  
The layout within the three span types was similar.  Sensors were installed in span 13 
only since it is an end span and the expected live load stresses are highest.  The complete 
instrumentation plans are contained in Appendix A. 
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2.4.2 Bottom Flange Splice 
 Figure 2.6 contains a photograph of a gage installed at the bottom flange splice 
within span SB13.  The strain gage was mounted 3 inches from the toe of the splice weld 
and 1 inch from the baking bar used for the web/flange weld. 
 
 
 
Figure 2.6 – Strain gage located at bottom flange splice within span SB13 
 
box web 
box flange 
longitudinal  
strain gage 
flange  
splice 
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2.4.3 Bottom Flange Stiffener Termination 
 Figure 2.7 contains a photograph of a typical strain gage installation at the 
termination of a bottom flange stiffener.  The strain gage was oriented longitudinally (the 
direction of primary stress) and offset 3 inches from the toe of the stiffener/flange fillet 
weld 
 
 
 
Figure 2.7 – Strain gage located at termination of bottom flange stiffener  
within span SB13 
 
WT stiffener 
bottom flange longitudinal  
strain gage 
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2.4.4 Bottom Flange Stiffener/Diaphragm Intersection 
 Strain gages were placed at the intersection of the bottom flange stiffener and the 
diaphragm plate at bent 12 as shown in Figure 2.8.  The gages were too large to place in 
line longitudinally in the gap between the end of the stiffener and the face of the 
diaphragm.  Therefore, they were installed adjacent to the gap, as seen in the figure. 
 
 
 
Figure 2.8 – Strain gage located at intersection of bottom flange stiffener  
and diaphragm at bent 12 
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2.4.5 Web Gap at Diaphragm Connection Plate 
 Strain gages were placed on the web in the gap between the diaphragm 
connection plate and the top flange of the box girder (see Figure 2.9).  In all locations, the 
web was too small to install a strain gage.  Therefore, the strain gages were installed 
adjacent to the gap as shown in Figure 2.9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9 – Strain gage adjacent to web gap at diaphragm connection plate 
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2.4.6 Bent SB13S 
 A total of eight (8) strain gages were installed on bent SB13S.  Note that this is a 
double bent (bent SB13N is immediately adjacent to the north) since there is an 
expansion joint here.  Four strain gages were installed on the bent column 12 inches 
above the top flange of the beam carrying the southbound lanes. 
 An additional two (2) strain gages were placed on the bottom flange of the upper 
cantilever beam which carries Ramp A (see Figure 2.10).  These gages were placed 3 
inches from the face of the bent column. 
 
 
 
Figure 2.10 – Strain gages mounted to the bottom flange  
of the bent girder carrying Ramp A at bent SB13S 
(view looking up) 
 
2.4.7 Bent NB13S 
 Four strain gages were installed at the base of the single column bent, NB13S.  
This bent is also a double bent consisting of bents NB13S and NB13N. 
 
2.4.8 Bent SB15 
 Eight strain gages were installed on bent SB15 at the intersection of the bent 
girder and the column carrying Ramp A.  Four gages were placed on the column, and 
four were installed on the girder.  All gages were placed 3 inches from the toe of the 
welds connecting the girder and column. 
 
 
Bent SB13S 
upper girder 
bottom flange 
Bent SB13S 
column 
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2.4.9 LVDTs at Web Gaps 
 Relative displacements between the flange and web within the web gaps were 
measured using  LVDTs.  A typical LVDT installation can be seen in Figure 2.11.  The 
LVDT was clamped to the horizontal angle of the diaphragm.  The spring-loaded plunger 
of the LVDT was pressed against a magnetic base which was mounted to the girder web. 
Measurements were made at selected locations within the northbound and 
southbound SR65 spans only.  While onsite, measurements were made a two locations 
within both the northbound and southbound box girders.  For the long-term monitoring, 
the LVDTs were placed at the location where the largest displacement were recorded. 
 
 
 
Figure 2.11 – Typical LVDT installation.  Location at diaphragm D2  
within span 13 of SR65 northbound shown 
 
girder web 
LVDT 
magnetic base 
mounted to web 
diaphragm 
members 
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2.5 Data Acquisition 
 A Campbell Scientific CR9000 data logger was used for the collection of data 
during both the controlled-load testing and the long-term monitoring phases of this 
project.  This logger is a high speed, multi-channel 16-bit data acquisition system.  The 
data loggers were configured with digital and analog filters to assure noise-free signals.  
Real-time data were viewed while on site by connecting the logger directly to a laptop 
computer.  This was done to assure that all sensors were functioning properly.  This 
configuration was also used during the controlled load testing when data collection was 
started and stopped manually using the laptop. 
 The data logger was enclosed in a weather-tight box at the western column of bent 
SB13S, as seen in Figure 2.12.  Figure 2.13 contains a photograph of the inside of the 
box.  In addition to the CR9000 data logger, there were communications equipment and a 
power supply. 
 Remote communications with the data logger was established using a wireless 
modem.  Data download was performed automatically via a server located in the ATLSS 
laboratory in Bethlehem, PA.  This link was also used to upload new programs as needed.  
Data were collected and reviewed periodically throughout the monitoring period to assure 
the integrity of the data.  
 
 
 
Figure 2.12 – Weather-tight box containing data acquisition system 
 
Bent 
SB13S 
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Figure 2.13 – Photograph of the inside of the data-acquisition box 
 
2.6 Electrical Power 
 In order to run the data logger and sensors during the long-term portion of the 
project, a 110VAC power supply was obtained from the parking lot attendant’s hut 
located near bent SB10.  A power wire was strung along the west parapet of the 
southbound roadway to bent SB13S and then down to the data acquisition box. 
CR9000 data 
logger 
power supply 
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3.0 Test Program – Summary 
 The following sections discuss the controlled-load testing and remote monitoring 
that was conducted. 
3.1 Controlled Load Testing 
3.1.1 Test Truck 
 A series of controlled load tests were conducted using a test truck of known 
geometry and weight.  The truck had three main axles and a fourth floating rear axle.  
The test truck was fully loaded with a gross vehicle weight (GVW) of 80,500 pounds.  
Figure 3.1 contains a photograph of the truck used for the testing.  Table 3.1 contains the 
weight at each axle.  Table 3.2 provides the key dimensions of the test truck. 
 
\ 
 
Figure 3.1 – Test truck used during controlled load tests 
 
Test 
Description 
Rear Axle 
Type 
Front Axle
Load (lb) 
Rear Axle 
Group 
Load (lb) 
GVW1 
(lb) 
Date of 
Tests 
Controlled 
Load Tests 
Tandem 
(third axle 
 in “up” position)
21,000 59,500 80,500 October 19, 2004 
  
 Note: 
1. GVW =  Gross Vehicle Weight 
 
Table 3.1 – Test truck axle load data 
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Rear 
Axle 
  
  
L1 
(in) 
  
  
L2 
(in) 
  
  
Wf 
(in) 
  
  
Wr 
(in) 
  
  
A1 
(in) 
  
  
B 
(in) 
  
  
C 
(in) 
  
  
D1 
(in) 
  
  
E 
(in) 
  
Tandem 209.5 55 83 71 - 12 22 - 8.5 
  
 Note: 
 1.  This dimension was not measured. 
  
Table 3.2 – Geometry of Test truck used for controlled load tests 
 
 
3.1.2 Testing Procedure and Summary 
 The controlled load tests were conducted between the hours of 12 AM and 3AM 
on the morning of Tuesday October 19, 2004.  The weather was poor, consisting of light 
rain.  The Pennsylvania State Police were present to selectively close lanes as needed to 
conduct the testing and ensure the safety of motorists. 
 The tests consisted of a series of crawl and dynamic tests.  For the crawl tests, the 
test truck was driven across the bridges at approximately 5 mph.  The dynamic tests were 
conducted with the test truck traveling at normal traveling speed (dictated by safety 
requirements), which varied depending on the ramp or bridge being tested, but was 
typically between 30 and 35 mph. 
 Crawl tests on Ramp A were conducted first.  The ramp was closed for the 
duration of these tests.  Tests were repeated twice and performed in both the left and right 
lanes.  Subsequently, similar tests were conducted on the southbound spans of SR65.  
Due to existing left lane closure for an ongoing painting contract, the right lane and far 
right (ramp T1) lanes were tested.  During the southbound SR65 tests, the lanes were 
temporarily closed by the State Police for each test, and opened between successive tests. 
Dynamic tests were then performed for Ramp A and southbound SR65.  The test 
truck started on the southern side of the Fort Duquesne Bridge and traveled across the 
bridge, exited on Ramp A, turned around and traveled back across the southbound spans.  
The pattern was repeated for the two lanes (only one test per lane was conducted). 
The northbound spans of SR65 were then tested.  Both the left and right lanes 
were tested first at crawl speed (each lane was tested twice).  Then dynamic tests were 
performed in each lane (only one test per lane).  The State Police closed the northbound 
lanes completely for each test and opened the lanes between successive tests. 
WrWf
L1 L2
B
C 
A 
E 
D
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 A summary of the controlled load test data is presented in Table 3.3.  As shown, a 
total of eighteen tests were performed.  However, the tests shaded in blue are those that 
were considered for the data analysis.   
 
Number Test Time Speed Span Lane Position 
1 RPA_CRL1.DAT 12:29 AM Crawl Ramp A Right 
2 RPA_CRL2.DAT 12:35 AM Crawl Ramp A Right 
3 RPA_CRL3.DAT 12:41 AM Crawl Ramp A Left 
4 RPA_CRL4.DAT 12:45 AM Crawl Ramp A Left 
5 SB_CRL1.DAT 12:58 AM Crawl Southbound SR65 Right 
6 SB_CRL2.DAT 1:04 AM Crawl Southbound  SR65 Right 
7 SB_CRL3.DAT 1:12 AM Crawl Southbound  SR65 
Far Right  
(Ramp T1) 
8 SB_CRL4.DAT 1:16 AM Crawl Southbound  SR65 
Far Right  
(Ramp T1) 
9 RPA_DYN1.DAT 1:23 AM 30 mph Ramp A Right 
10 SB_DYN1.DAT 1:30 AM 30 mph Southbound  SR65 Right 
11 RPA_DYN2.DAT 1:37 AM 30 mph Ramp A Left 
12 SB_DYN2.DAT 1:45 AM 30 mph Southbound  SR65 Right 
13 NB_CRL1.DAT 1:59 AM Crawl Northbound  SR65 Right 
14 NB_CRL2.DAT 2:05 AM Crawl Northbound  SR65 Right 
15 NB_CRL3.DAT 2:09 AM Crawl Northbound  SR65 Left 
16 NB_CRL4.DAT 2:14 AM Crawl Northbound  SR65 Left 
17 NB_DYN1.DAT 2:23 AM 35 mph Northbound  SR65 Right 
18 NB_DYN2.DAT 2:30 AM 35 mph Northbound  SR65 Left 
 
Table 3.3 – Summary of controlled load test data 
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3.2 Remote Monitoring 
 The CR9000 data logger was also used for the long-term monitoring phase of this 
project.  The bridge was monitored between September 30, 2004 and November 9, 2004, 
for a total of 40 days. 
 Stress time-history data were not collected continuously.  Data were only 
recorded when the measured stress at selected gages exceeded predefined triggers.  Once 
the strain value for the “trigger” gage reached the predefined limit, the logger began 
recording data for a predefined period of time (approximately 10 seconds). 
Since three nearly unique bridges were being monitored, three trigger gages were 
selected (i.e., one on each bridge).  When the measured strain at any one trigger gage was 
exceeded, only data from strain gages that are influenced by load in the same span as the 
trigger gage in question were recorded.  Therefore, there were three sets of long-term 
time-history data obtained during the monitoring phase of this project. 
Stress-range histograms were developed at each location monitored using the 
rainflow cycle-counting method.  For each channel, this method considers 10 minutes of 
time-history data and pairs up peaks in the response to determine a tally of stress range 
cycles (number and magnitude).  Using these histograms, estimates of the effective 
stress-range and number of cycles can be made.  Utilizing these results and knowing the 
detail category of at the sensor location, and making the assumption that the stresses 
measured during the monitoring period are representative of the life of the bridge, an 
estimate of the remaining fatigue life can be made.  A complete description of this 
procedure is presented in Appendix B.  Results of the long-term monitoring are presented 
in Section 5. 
Remote communication with the logger was established using wireless modem.  
This communication link allowed program upload and data download to be performed 
remotely from the ATLSS Research Center at Lehigh University in Bethlehem, PA. 
 
 22
4.0 Results of Controlled Load Tests 
 The results of the controlled static and dynamic load tests are discussed in this 
section.  Specifically the global and local behavior of the bridge is examined utilizing 
data collected during the controlled load tests.  Note that a “static” test refers to a test 
conducted with the test truck traveling at crawl speed, while a “dynamic” test refers to a 
test conducted with the test truck traveling at normal traveling speed.  Detailed 
instrumentation plans are provided in Appendix A. 
 
4.1 General Response 
 As previously discussed, the northern SR65 approach ramps to the Fort Duquesne 
bridge are unique and complex.  Starting at the northern side of the main tied-arch span, 
the approach spans are carried on a double-deck system of box girders and box-column 
bents, with northbound SR65/I-279 on the upper spans and southbound SR65/I-279 on 
the lower spans.  This configuration is the same from bents 0 through 4, after which 
point, I-279 splits off on to its own spans.   
 SR65 is carried (northbound on the upper and southbound on the lower spans) 
from bents 4 through 8, at which point the northbound SR65 lanes split off to be carried 
on single column bents, from bents 8 through 17. 
 Ramp A (also known as Ramp U) carries vehicles to Reedsdale Street below, and 
is supported above the southbound lanes on cantilever girders projecting off the bent 
columns (i.e., the bents are combined bents that carry both Ramp A and southbound 
SR65).  This configuration exists between bents 8 through 15, at which point Ramp A 
spans are carried on single column bents, from bents 16 through 22.  The southbound 
spans end at abutment 16. 
 In general, all spans are box sections, with a web depth of 4 feet, though the 
configuration of the boxes varies.  The spans also generally consist of 3-span units, with 
double bents at each end.  Spans 10 through 13 were selected for instrumentation (see 
Figure 2.1).  Each of the southbound, northbound, and Ramp A bridges were 
instrumented.  Strain gages were installed on the bottom flange of the box girder within 
the end span (span 13).  The configuration of the spans in this location are as follows: 
1. Southbound SR65 – Two single cell boxes with a continuous deck 
2. Northbound SR65 – One double-cell box (Figure 2.4) 
3. Ramp A – One single-cell box (Figure 2.2) 
 
 The spans behaved as expected for a three-span continuous structure.  However, 
due to the flexibility of the bents (especially at Ramp A, which is supported on cantilever 
boxes), there are some differences from a results predicted based on rigid supports.  
Primary stresses within the box flanges were low.  However, higher stresses within the 
web gap regions at transverse connection plates were higher as expected since cracks 
have been found at these locations during routine inspections.   
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 Several bents were instrumented as part of this investigation: 
1. Bent SB13S – Two-column end bent (at the end of a three span unit) carrying 
southbound  SR65 below, and Ramp A above (Figure 2.2) 
2. Bent NB13S – Single column end bent (at the end of a three span unit) carring 
northbound SR65 (Figure2.4) 
3. Bent SB15 – Three column interior bent carrying southbound SR65 on one side 
and Ramp A on a single column above on the other side (Figure 2.5) 
 
Live stresses in the bent columns were generally low, however at some details, 
the measured stresses were high enough warrant further investigation, as will be 
discussed.  Axial stresses were recorded in addition to both weak and strong-axis 
bending.  Lane position had a significant effect on the magnitude and even sign of the 
measured stresses in the bents especially for the single column bents. 
 Each of the three span types will be discussed separately.  Subsequently, results 
from each of the instrumented bents will be presented and discussed. 
 
4.2 Ramp A 
4.2.1 Strain Gages on Bottom Flange 
 Five strain gages were installed on the bottom flange inside the box carrying 
Ramp A, in span 13 (an end span).  These gages were installed at locations known to be 
fatigue sensitive.  The strain gages were located far enough away from the details so that 
nominal stresses were measured (stress concentration effects are not included), as is 
appropriate for a fatigue evaluation.  The instrumented locations are as follows: 
1. One strain gage adjacent to the bottom flange splice. (CH_8) 
2. Two strain gages at the termination of bottom flange stiffeners. (CH_9, CH_10) 
3. Two strain gages at the intersection between the bottom flange stiffener and the 
diaphragm at Bent 12. (CH_11, CH_12) 
 
Figure 4.1(a) and (b) contain stress time-history plots for these five strain gages 
using data collected during crawl tests on Ramp A in the left and right lanes, respectively.  
The times when the truck crossed each bent are indicated in the figures.  It can be seen 
that the response is similar for the two tests, however the stresses are higher for the test 
with the test truck in the right lane.  This is due to the fact that the instrumentation is 
located beneath the right lane.  It can also be seen that the response of CH_8, CH_9, and 
CH_10 appears to be similar to an influence line for midspan moment in the end span of 
a three span unit, as expected.  A similar observation can be made for gages CH_11 and 
CH_12, for the influence line for negative moment at an interior bent.  These gages were 
located on the bottom flange adjacent to Bent 12. 
It can also be seen in Figure 4.1 (b) that when the test truck crossed Bent 12, the 
response at CH_11 and CH_12 becomes slightly positive.  This is a result of the 
flexibility of the bent (the cantilever cap beam in particular).  However, it can be seen 
that this effect is very small. 
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(a) Test truck northbound on Ramp A in left lane 
 
(b) Test truck northbound on Ramp A in right lane 
 
Figure 4.1 – Stress time-history at strain gages within box girder span 
for crawl test on Ramp A in the (a) left lane; and (b) right lane 
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4.2.2 Strain Gages within the Web Gap 
 Two strain gages were installed adjacent to web gaps at the internal diaphragms.  
Strain gage CH_13 was installed at the web gap at the top flange on the east web at 
diaphragm D2 (second diaphragm from Bent 12).  Strain gage CH_14 was similarly 
located on the west web.  There have been no cracks found at these locations. 
 Figures 4.2 (a) and (b) contain stress time-history plots for these two strain gages 
for the crawl tests in the left and right lanes, respectively.  It can be seen that the peak 
response at any one gage is recorded when the truck is closest to that gage, as expected.  
In other words, the peak response at CH_13 (located beneath the left lane) was measured 
when the test truck was in the left lane. 
 
4.2.3 Summary of Peak Stresses 
 Shown in Table 4.1 is a summary of the peak stresses within span 13 of Ramp A 
measured during static (test truck at crawl speed) and dynamic (truck at normal traveling 
speed) tests, for each monitored sensor.  Also shown are the ratios of the dynamic to 
static stresses. 
It can be seen that the amplification ranges between no amplification to 40%.  The 
stresses at most locations were approximately 10%. 
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(a) Test truck northbound on Ramp A in the left lane 
 
(b) Test truck northbound on Ramp A in the right lane 
 
 
Figure 4.2 – Stress time-history at strain gages at web gaps at diaphragms 
for crawl test on Ramp A in the (a) left lane; and (b) right lane 
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  Right Lane Left Lane 
  Static Tests 
RPA_CRL1.DAT RPA_CRL3.DAT Location Channel 
Min Max SR Min Max SR 
Flange 
Splice CH_8 -0.6 2.5 3.1 -0.5 1.6 2.2 
CH_9 -1.0 2.6 3.5 -0.9 1.8 2.7 Stiff. 
Term. CH_10 -0.9 1.8 2.8 -0.8 1.7 2.5 
CH_11 -2.3 0.3 2.6 -1.9 0.3 2.2 Stiff @ 
bent CH_12 -1.5 0.6 2.1 -1.5 0.3 1.8 
CH_13 -0.7 0.8 1.5 -2.4 0.3 2.7 
Web Gap 
CH_14 -1.4 0.2 1.6 -1.5 0.1 1.6 
        
  Dynamic Tests 
RPA_DYN1.DAT RPA_DYN2.DAT Location Channel 
Min Max SR Min Max SR 
Flange 
Splice CH_8 -0.7 2.6 3.3 -0.7 1.9 2.6 
CH_9 -1.1 2.8 3.9 -1.0 2.1 3.1 Stiff. 
Term. CH_10 -1.0 1.9 2.9 -1.0 1.8 2.8 
CH_11 -2.5 0.4 2.9 -2.1 0.3 2.4 Stiff @ 
bent CH_12 -1.6 0.7 2.3 -1.6 0.3 1.9 
CH_13 -1.5 0.6 2.0 -3.1 0.3 3.4 
Web Gap 
CH_14 -1.7 0.2 1.8 -2.1 0.1 2.2 
        
  Ratio 
Dynamic/Crawl Dynamic/Crawl Location Channel 
Min Max SR Min Max SR 
Flange 
Splice CH_8 1.2 1.0 1.1 1.3 1.2 1.2 
CH_9 1.1 1.1 1.1 1.2 1.2 1.2 Stiff. 
Term. CH_10 1.0 1.1 1.1 1.2 1.1 1.1 
CH_11 1.1 1.3 1.1 1.1 0.9 1.1 Stiff @ 
bent CH_12 1.1 1.2 1.1 1.1 1.0 1.0 
CH_13 2.2 0.7 1.4 1.3 1.3 1.3 
Web Gap 
CH_14 1.2 1.0 1.2 1.4 0.8 1.3 
 
Table 4.1 – Summary of peak stresses (in ksi) within span 13 of Ramp A  
measured during static and dynamic tests; and ratios of dynamic-to-crawl stresses 
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4.3 Southbound SR65 
4.3.1 Strain Gages on Bottom Flange 
 Spans 11, 12, and 13 carrying southbound SR65 were instrumented nearly 
identically to Ramp A.  As with Ramp A, five gages were installed within span 13, which 
is an end span.  The instrumented locations are as follows: 
1. One strain gage adjacent to the bottom flange splice. (CH_1) 
2. Two strain gages at the termination of bottom flange stiffeners. (CH_2, CH_3) 
3. Two strain gages at the intersection between the bottom flange stiffener and the 
diaphragm at Bent 12. (CH_4, CH_5) 
 
Figure 4.3(a) and (b) contain stress time-history plots for these five strain gages 
using data collected during crawl tests on southbound SR65 in the far right (Ramp T1) 
and right lanes, respectively.  Tests could not be conduced in the left lane due to a closure 
for the concurrent painting work underway that night.  The times when the truck crossed 
each bent are indicated in the figures. 
As before for Ramp A, it can be seen that the response is similar for the two tests, 
however the stresses are higher for the test with the test truck in the right lane since this 
lane is closer to the strain gages, located beneath the left lane.  Higher response could be 
expected if the test truck were located in the left lane. 
Though these spans consist of two single-celled boxes, it can be seen that there is 
significant sharing of load between the boxes.  This is evident by considering Figure 
4.3(a) where the test truck is over the west box, but strain gages located in the east box 
record stresses with comparable magnitudes to the case with the truck over the east box. 
Furthermore, it can also be seen that the response of CH_1, CH_2, and CH_3 
appears to be similar to an influence line for midspan moment in the end span of a three 
span unit, as expected.  A similar observation can be made for gages CH_4 and CH_5, 
for the influence line for negative moment at an interior bent.  These gages were located 
on the bottom flange adjacent to Bent 12. 
Unlike Ramp A, when the test truck crossed Bent 12, there was no reversal of the 
response of CH_4 and CH_5 becomes slightly positive.  This is due to the fact that the 
bent is more rigid at the southbound level.  That is, it is a two column bent with a cap 
beam unlike the cantilevered bent carrying Ramp A.  Additionally, the stress magnitudes 
are less than those measured on Ramp A. 
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(a) Test truck southbound on SR65 in far right lane (ramp T1) 
 
(b) Test truck southbound on SR65 in right lane 
 
Figure 4.3 – Stress time-history at strain gages within box girder span 
for crawl tests on southbound SR65 in the (a) far right lane (ramp T1); and (b) right lane 
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4.3.2 Strain Gages within the Web Gap 
 Two strain gages were installed adjacent to web gaps at the internal diaphragms.  
Strain gage CH_6 was installed at the web gap at the top flange on the interior web of the 
east box at diaphragm D2 (second diaphragm from Bent 12).  Strain gage CH_7 was 
located at the web gap at the bottom flange on the exterior web of the west box at 
diaphragm D6.  There have been no cracks found at these locations. 
 Figures 4.4(a) and (b) contain stress time-history plots for these two strain gages 
for the crawl tests in the far right and right lanes, respectively.  Interestingly, the response 
at CH_7 completely reverses with changing lane position.  However, the response at 
CH_6 does not appear to exhibit the same behavior, however, higher response was 
recorded with the test truck in the right lane, which is expected since the truck is closer to 
the instrumented web gap.  It is hypothesized that if the test truck were in the left lane, 
the response of CH_6 would reverse, since the load would be on the other side of the 
web. 
 
4.3.3 Relative Displacements in the Web Gap 
 A displacement sensor (LVDT_B) was installed at the web gap at the top flange 
on the exterior web of the west box at diaphragm D2.  This sensor measured relative 
transverse displacement between the transverse connection plate and the top flange.  
Figure 4.5(a) and (b) contain displacement time-history plots for the crawl tests in the far 
right and right lanes, respectively.   
 It can be seen that the response changes direction with different lane positions.  
The passage of the local truck wheel loads can be seen in Figure 4.5(a) as the truck 
passed directly over the web.  Figure 4.5(b) is much smoother by comparison.  However, 
the peak relative displacements were measured with the truck in the right lane, equal to 
2.5 mils. 
 
4.3.4 Summary of Peak Stresses 
 Shown in Table 4.2 is a summary of the peak stresses and displacements within 
span 13 of southbound SR65 measured during static (test truck at crawl speed) and 
dynamic (truck at normal traveling speed) tests, for each monitored sensor.  Also shown 
are the ratios of the dynamic to static stresses and displacements.  Dynamic tests were 
performed in the right lane only.   It can be seen that the amplification is generally low, 
on the order of 10% (on the stress range), except for the web gap displacement, where the 
amplification was approximately 40%. 
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(a) Test truck southbound on SR65 in far right lane (ramp T1) 
 
(b) Test truck southbound on SR65 in right lane 
 
Figure 4.4 – Stress time-history at web gaps at diaphragms within box girder span 
for crawl tests on southbound SR65 in the (a) far right lane (ramp T1); and (b) right lane 
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(a) Test truck southbound on SR65 in far right lane (ramp T1) 
 
(b) Test truck southbound on SR65 in right lane 
 
Figure 4.5 – Relative displacement (LVDT_B) within web gap at diaphragms within box 
girder span for crawl tests on southbound SR65 in the (a) far right lane (ramp T1); and 
(b) right lane 
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  Right Lane Far Right Lane (Ramp T1) 
  Static Tests 
SB_CRL2.DAT SB_CRL3.DAT Location Channel 
Min Max SR Min Max SR 
Flange 
Splice CH_1 -0.5 1.5 2.0 -0.3 0.7 1.0 
CH_2 -0.4 1.0 1.4 -0.3 0.4 0.7 Stiff. 
Term. CH_3 -0.5 1.1 1.6 -0.3 0.5 0.8 
CH_4 -1.5 0.2 1.7 -0.6 0.2 0.8 Stiff @ 
bent CH_5 -1.2 0.3 1.5 -0.5 0.2 0.7 
CH_6 -0.4 2.0 2.4 -0.4 1.2 1.6 
Web Gap 
CH_7 -3.7 0.2 3.9 -0.1 1.8 1.8 
Displ. LVDT_B1 -0.3 2.7 3.0 -1.0 0.4 1.3 
     
  Dynamic Test 
SB_DYN1.DAT Location Channel 
Min Max SR 
Flange 
Splice CH_1 -0.7 1.5 2.2 
CH_2 -0.6 0.9 1.5 Stiff. 
Term. CH_3 -0.7 1.1 1.8 
CH_4 -1.5 0.4 1.9 Stiff @ 
bent CH_5 -1.2 0.4 1.5 
CH_6 -0.3 2.3 2.6 
Web Gap 
CH_7 -3.8 0.5 4.3 
Displ. LVDT_B1 -0.5 3.7 4.2 
     
  Ratio 
Dynamic/Crawl Location Channel 
Min Max SR 
Flange 
Splice CH_1 1.5 1.0 1.1 
CH_2 1.4 0.9 1.1 Stiff. 
Term. CH_3 1.4 0.9 1.1 
CH_4 1.0 1.7 1.1 Stiff @ 
bent CH_5 1.0 1.3 1.0 
CH_6 0.7 1.2 1.1 
Web Gap 
CH_7 1.0 2.9 1.1 
Displ. LVDT_B 1.5 1.4 1.4 
 
Note:  1.  Values shown for LVDT_B are displacements in mils.  
 
Table 4.2 – Summary of peak stresses (in ksi) and displacements (mils) 
within span 13 of southbound SR65  
measured during static and dynamic tests; and ratios of dynamic-to-crawl stresses 
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4.4 Northbound SR65 
4.4.1 Strain Gages on Bottom Flange 
 Spans 11, 12, and 13 carrying northbound SR65 were instrumented nearly 
identically to southbound SR65 and Ramp A.  Five gages were installed within span 13.  
The instrumented locations are as follows: 
1. One strain gage adjacent to the bottom flange splice. (CH_15) 
2. Two strain gages at the termination of bottom flange stiffeners. (CH_16, CH_17) 
3. Two strain gages at the intersection between the bottom flange stiffener and the 
diaphragm at Bent 12. (CH_18, CH_19) 
 
Figure 4.6(a) and (b) contain stress time-history plots for these five strain gages 
using data collected during crawl tests on northbound SR65 in the left and right lanes, 
respectively.  The times when the truck crossed each bent are indicated in the figures. 
It can be seen that the response is similar for the two tests, however the stresses 
are higher for the test with the test truck in the right lane since this lane is closer to the 
strain gages, located beneath the left lane 
The response of CH_15, CH_16, and CH_16 appears to be similar to an influence 
line for midspan moment in the end span of a three span unit, as expected.  A similar 
observation can be made for gages CH_18 and CH_19, for the influence line for negative 
moment at an interior bent.  These gages were located on the bottom flange adjacent to 
Bent 12. 
Unlike Ramp A, when the northbound test truck crossed Bent 12, there was no 
reversal of the response of CH_18 and CH_19.  Again, these single column bents are 
more rigid than the cantilevered bents carrying Ramp A.  Additionally, the stress 
magnitudes are less than those measured on Ramp A. 
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(a) Test truck northbound on SR65 in left lane 
 
 
(b) Test truck northbound on SR65 in right lane 
 
Figure 4.6 – Stress time-history at strain gages within box girder span 
for crawl tests on northbound SR65 in the (a) left lane; and (b) right lane 
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4.4.2 Strain Gages within the Web Gap 
 Two strain gages were installed adjacent to web gaps at the internal diaphragms.  
Strain gage CH_20 was installed in span 13 at the web gap at the top flange on the west 
web at diaphragm D2 (second diaphragm from Bent 12).  Strain gage CH_21 was located 
at the same diaphragm on the west web at the top flange top flange.  The web gaps at the 
two exterior webs (where CH_20 and CH_21 were installed) are uncracked.  However, 
the web gap at the top of the center web at this diaphragm is cracked. 
 Figures 4.7(a) and (b) contain stress time-history plots for these two strain gages 
for the crawl tests in the left and right lanes, respectively.  It can be seen that the response 
is significantly higher with the test truck in the left lane.  Additionally, the local passage 
of the wheel loads can be clearly seen. 
 
4.4.3 Relative Displacements in the Web Gap 
 A displacement sensor (LVDT_A) was installed at the web gap at the top flange 
on the center web at diaphragm D2, where an existing 1 inch web gap crack has been 
discovered.  This sensor measured relative transverse displacement between the 
transverse connection plate and the top flange.  Figure 4.8(a) and (b) contain 
displacement time-history plots for the crawl tests in the left and right lanes, respectively.   
 The direction of the response changes with lane position lane positions.  The peak 
relative displacements were measured with the truck in the right lane, equal to -4 mils (it 
was 3 mils for the left lane test).  It can be seen that the displacements measured at this 
location are larger than those measured on southbound SR65 which is uncracked. 
 
4.4.4 Summary of Peak Stresses 
 Shown in Table 4.3 is a summary of the peak stresses and displacements within 
span 13 of northbound SR65 measured during static (test truck at crawl speed) and 
dynamic (truck at normal traveling speed) tests, for each monitored sensor.  Also shown 
are the ratios of the dynamic to static stresses and displacements.  Note that the 
amplification is relatively small.  For most of the cases where higher amplifications were 
measured, the stresses were very low (i.e., 0.15 ksi static to 0.32 ksi dynamic yields an 
amplification ratio of 2.1, but these stresses are very low). 
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(a) Test truck northbound on SR65 in left lane 
 
(b) Test truck northbound on SR65 in right lane 
 
 
Figure 4.7 – Stress time-history at web gaps at diaphragms within box girder span 
for crawl tests on northbound SR65 in the (a) left lane; and (b) right lane 
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(a) Test truck northbound on SR65 in left lane 
 
(b) Test truck northbound on SR65 in right lane 
 
Figure 4.8 – Relative displacement (LVDT_A) within web gap at diaphragms within box 
girder span for crawl tests on northbound SR65 in the (a) left lane; and (b) right lane 
Note: This web gap is cracked. 
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  Right Lane Left Lane 
  Static Tests 
NB_CRL2.DAT NB_CRL4.DAT Location Channel 
Min Max SR Min Max SR 
Flange 
Splice CH_15 -0.6 0.9 1.5 -0.4 0.2 0.6 
CH_16 -0.6 1.1 1.7 -0.4 0.7 1.1 Stiff. 
Term. CH_17 -0.8 1.2 2.0 -0.6 0.9 1.4 
CH_18 -1.3 0.2 1.5 -0.9 0.2 1.0 Stiff @ 
bent CH_19 -1.1 0.2 1.3 -0.9 0.2 1.0 
CH_20 -0.3 0.1 0.4 -0.1 0.1 0.2 
Web Gap 
CH_21 -0.3 0.1 0.5 -1.8 0.3 2.0 
Displ. LVDT_A1 -4.1 0.3 4.4 -0.3 3.2 3.4 
        
  Dynamic Tests 
NB_DYN1.DAT NB_DYN2.DAT Location Channel 
Min Max SR Min Max SR 
Flange 
Splice CH_15 -0.6 0.9 1.5 -0.5 0.2 0.7 
CH_16 -0.6 1.0 1.6 -0.5 0.7 1.3 Stiff. 
Term. CH_17 -0.7 1.2 1.9 -0.7 1.0 1.6 
CH_18 -1.4 0.4 1.7 -0.9 0.3 1.2 Stiff @ 
bent CH_19 -1.1 0.3 1.4 -1.0 0.3 1.3 
CH_20 -0.2 0.1 0.3 -0.1 0.1 0.2 
Web Gap 
CH_21 -0.6 0.1 0.7 -1.6 0.3 1.9 
Displ. LVDT_A1 -4.1 0.3 4.4 -0.4 3.0 3.4 
        
  Ratio 
Dynamic/Crawl Dynamic/Crawl Location Channel 
Min Max SR Min Max SR 
Flange 
Splice CH_15 1.0 1.0 1.0 1.2 1.0 1.1 
CH_16 0.9 1.0 1.0 1.4 1.1 1.2 Stiff. 
Term. CH_17 0.9 1.0 1.0 1.3 1.1 1.2 
CH_18 1.0 1.8 1.1 1.1 2.1 1.2 Stiff @ 
bent CH_19 1.0 1.4 1.1 1.1 2.1 1.2 
CH_20 0.9 0.9 0.9 1.3 0.8 1.0 
Web Gap 
CH_21 1.6 1.0 1.4 0.9 0.9 0.9 
Displ. LVDT_A 1.0 1.0 1.0 1.4 1.0 1.0 
 
Note:  1.  Values shown for LVDT_A are displacements in mils. 
 
Table 4.3 – Summary of peak stresses (in ksi) and displacements (in mils) 
within span 13 of northbound SR65 
measured during static and dynamic tests; and ratios of dynamic-to-crawl stresses 
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4.5 Bent NB13S 
4.5.1 General Response 
 Shown in Figures 4.9(a) and (b) are stress time-history plots for the four strain 
gages located at the base of bent NB13S (a single column bent), for crawl tests in the left 
and right lanes, respectively.  As seen, the peak stresses are low, all less than 1.5 ksi.  The 
response of each gage begins when the test truck crosses onto span 10 (at time equal to 
approximately 42 seconds) and ends when the truck leaves span 13 (at time equal to 
approximately 85 seconds).  Comparing Figures 4.9(a) and (b), note that the response all 
of the gages changes sign when the truck changes lanes. 
 Figures 4.10(a) and (b) show similar stress time-history plots for the primary 
stress components calculated from the data shown in Figure 4.9 (the four strain gage 
measurements at the base).  These components are the major axis bending (transverse), 
minor axis bending (longitudinal), and axial.  The following equations were used to 
determined these components: 
 
σtransverse = (CH_36+CH_37-CH_38-CH_39)/4 
σlongitudinal = (CH_36+CH_38-CH_37-CH_39)/4 
σaxial = (CH_36+CH_37+CH_38+CH_39)/4 
 
 It can be seen in Figures 4.10(a) and (b) that as expected, the transverse bending 
changes sign when the truck moves from the left to the right lane.  However, the axial 
and longitudinal bending stress components do not depend on truck position.  Note that 
the individual truck axles can be seen in the axial stress plot as sharp steps as each axle 
leaves span 13 (between time 70 and 75 on Figure 4.10(a)).  Projecting the axial stress 
plot linearly to where time is 75 seconds on Figure 4.10(a), a stress of approximately 0.53 
ksi is obtained.  The gross area of the column is 142 in2, which yields an axial load of 
(0.53)(142) = 75 kips, very close to the actual test truck weight of 80.5 kips.  
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(a)  Test truck northbound on SR65 in left lane 
 
(b)  Test truck northbound on SR65 in right lane 
 
Figure 4.9 – Stress time-history at strain gages at base of bent column 
for crawl tests on NB65 in the (a) left lane; and (b) right lane 
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(a)  Test truck northbound on SR65 in left lane 
 
(b)  Test truck northbound on SR65 in right lane 
 
Figure 4.10 – Stress time-history for primary stress components at base of bent column 
for crawl tests on NB65 in the (a) left lane; and (b) right lane 
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4.5.2 Summary of Peak Stresses 
Table 4.4 contains a summary of the peak measured stresses within Bent NB13S 
for both the static (crawl speeds) and dynamic (normal traveling speeds) controlled load 
tests.  Also shown are the ratios of the dynamic to static stresses, for each monitored 
channel. 
As shown, the peak static stresses at the base of the bent column were measured 
when the test truck was in the left lane, and are -1.7 ksi and +1.2 ksi.  The maximum 
stress range was 2 ksi.  In some cases the dynamic amplification on the stress range, SR, 
was as much as 1.7.  However, for some tests the measured stresses during the dynamic 
tests were actually lower than the static tests. 
 
 
 
  Right Lane Left Lane 
  Static Tests 
NB_CRL2.DAT NB_CRL4.DAT Location Channel 
Min Max SR Min Max SR 
CH_36 -1.0 0.2 1.2 -0.5 1.2 1.7 
CH_37 -1.3 0.2 1.6 -0.5 0.9 1.4 
CH_38 -0.4 0.9 1.3 -1.2 0.3 1.4 
Base 
of 
Column 
CH_39 -0.4 1.1 1.5 -1.7 0.3 2.0 
        
  Dynamic Tests 
NB_DYN1.DAT NB_DYN2.DAT Location Channel 
Min Max SR Min Max SR 
CH_36 -1.5 0.6 2.1 -0.6 0.6 1.2 
CH_37 -1.8 0.7 2.6 -0.9 0.8 1.7 
CH_38 -0.6 1.2 1.9 -0.7 0.6 1.2 
Base 
of 
Column 
CH_39 -0.6 1.2 1.8 -0.7 0.6 1.3 
        
  Ratio 
Dynamic/Crawl Dynamic/Crawl Location Channel 
Min Max SR Min Max SR 
CH_36 1.5 2.6 1.7 1.2 0.5 0.7 
CH_37 1.4 3.2 1.6 1.9 0.9 1.2 
CH_38 1.7 1.3 1.4 0.6 2.1 0.9 
Base 
of 
Column 
CH_39 1.5 1.1 1.2 0.4 1.7 0.6 
 
 
Table 4.4 – Summary of peak stresses (in ksi)within Bent NB13S  
measured during static and dynamic tests on northbound SR65;  
and ratios of dynamic-to-crawl stresses 
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4.6 Bent SB13S 
4.6.1 General Response 
 Figures 4.11(a) and 4.11(b) contain stress time-history plots for primary stress 
components for the cap beam and column of bent SB13S carrying Ramp A, respectively.  
Both figures are for the right (outside) lane test. 
Only two gages were installed on the bottom flange of the cap beam.  Therefore, 
only two stress components are presented.  The peak stress in the cap beam was 
approximately -2.5ksi.  Compression stresses are measured because the spans of Ramp A 
are carried by the cap beams which cantilever from the bent columns.  It should be noted 
however that despite the fact that these are compression stresses, they still contribute to 
the overall fatigue damage. 
 In Figure 4.11(b), it can be seen that the response of the bent column is dominated 
by transverse bending.  The peak transverse bending stress was -1.6 ksi.   Note that after 
the truck left span 13, there was a large amount of free vibration in the span, with stress 
ranges of 0.8 ksi. 
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(a) Stresses in Ramp A cap beam 
 
(b) Stresses in Ramp A column 
 
Figure 4.11 – Stress time-history for primary stress components at Bent SB13S 
for crawl tests on Ramp A in the right lane in the 
(a) Ramp A cap beam; and (b) Ramp A column 
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4.6.2 Summary of Peak Stresses 
Table 4.5 contains a summary of the peak measured stresses within Bent SB13S 
for both the static (crawl speeds) and dynamic (normal traveling speeds) controlled load 
tests with the test truck on Ramp A above.  Also shown are the ratios of the dynamic to 
static stresses, for each monitored channel. 
As shown, the peak static stresses at the base of the bent column were measured 
when the test truck was in the right lane as expected since this places the load furthest 
from the support on the cantilevered cap beam.  The peak static stresses in the column 
were 2.1 ksi compression and 1.5 ksi tension.  In the cap beam, the peak static stresses 
were 2.6 ksi compression and 0.2 ksi tension.   
With the test truck in the right lane, the dynamic amplification of the stress range, 
SR, was consistently 20% in the column, and 10% in the cap beam.  However, with the 
test truck in the right lane, the amplification factor for SR ranged from 40% to 70% for 
the beam and between 50% and 90% in the column. 
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  Right Lane Left Lane 
  Static Tests 
RPA_CRL1.DAT RPA_CRL3.DAT Location Channel 
Min Max SR Min Max SR 
CH_22 -2.1 0.4 2.6 -1.5 0.2 1.8 
CH_23 -1.7 0.5 2.2 -0.9 0.2 1.1 
CH_24 -0.4 1.5 1.9 -0.2 0.9 1.0 
Base of 
column 
CH_25 -0.4 1.3 1.7 -0.2 0.6 0.8 
CH_26 -2.6 0.2 2.8 -1.2 0.1 1.3 Bottom of 
Bm Flng CH_27 -2.1 0.1 2.2 -0.6 0.1 0.7 
        
  Dynamic Tests 
RPA_DYN1.DAT RPA_DYN2.DAT Location Channel 
Min Max SR Min Max SR 
CH_22 -2.4 0.7 3.1 -2.2 0.5 2.7 
CH_23 -1.9 0.7 2.5 -1.3 0.5 1.8 
CH_24 -0.6 1.6 2.2 -0.5 1.4 1.8 
Base of 
column 
CH_25 -0.7 1.4 2.1 -0.5 1.1 1.6 
CH_26 -2.7 0.5 3.2 -1.5 0.3 1.8 Bottom of 
Bm Flng CH_27 -2.0 0.5 2.5 -0.9 0.3 1.2 
        
  Ratio 
Dynamic/Crawl Dynamic/Crawl Location Channel 
Min Max SR Min Max SR 
CH_22 1.1 1.6 1.2 1.4 2.2 1.5 
CH_23 1.1 1.4 1.2 1.5 2.9 1.7 
CH_24 1.5 1.1 1.2 2.6 1.6 1.7 
Base of 
column 
CH_25 1.7 1.1 1.2 2.6 1.7 1.9 
CH_26 1.0 3.1 1.1 1.2 5.5 1.4 Bottom of 
Bm Flng CH_27 1.0 4.4 1.1 1.4 4.8 1.7 
 
Table 4.5 – Summary of peak stresses (in ksi)within Bent SB13S 
measured during static and dynamic tests on Ramp A above; 
and ratios of dynamic-to-crawl stresses 
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4.7 Bent SB15 
4.7.1 General Response 
 Finally, stresses were monitored in the cross girder and column at bent SB15 
directly beneath Ramp A (see Figure 2.5).  Figures 4.12(a) and (b) contain stress time-
history plots of primary stress components for the cross girder and column, respectively.  
Both plots represent results from the crawl test with the test truck in the right lane of 
Ramp A above.  The response of the beam and column with load on the southbound lanes 
was minimal. 
 In Figure 4.12(a) only bending components were plotted, since the beam was not 
loaded axially (though this was confirmed with the measurements).  The response of the 
beam was dominated by major axis bending as expected.  The peak stress was 
approximately 2.5 ksi.  The bending response changed sign depending on the lane 
position of the test truck. 
 Bent SB15 is an interior bent of a three-span continuous unit (spans 14, 15, and 
16).  This is evident when examining Figure 4.12(b).  Both the longitudinal bending and 
axial stress components exhibit a change in sign as the truck passes over bent 14.  
Furthermore, peak axial stress in the column is observed when the test truck is directly 
over Bent 15, as expected.  Also, when the test truck is directly over Bent 15, the 
longitudinal bending stress is very low.  The transverse bending response exhibits a 
significant amount of vibration, even after the truck has left the bridge.  The vibration has 
a maximum stress range of approximately 0.5 ksi. 
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(a) Stresses in cross girder beneath Ramp A 
 
(b) Stresses in Ramp A column 
 
Figure 4.12 – Stress time-history for primary stress components at Bent SB15 
for crawl tests on Ramp A in the left lane in the 
(a) Ramp A cross girder; and (b) Ramp A column 
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4.7.2 Summary of Peak Stresses 
Table 4.6 contains a summary of the peak measured stresses within Bent SB15 for 
both the static (crawl speeds) and dynamic (normal traveling speeds) controlled load tests 
with the test truck on Ramp A above.  Also shown are the ratios of the dynamic to static 
stresses, for each monitored channel. 
The peak static stresses in the bent column were measured when the test truck was 
in the right lane.  The peak static stresses in the column were 1.9 ksi compression and 1.6 
ksi tension.  The peak stress range in the column was 2.1 ksi. 
In the cap beam, the peak static stresses occurred when the test truck was in the 
left lane.  The peak static stresses in the cap beam were 2.0 ksi compression and 1.7 ksi 
tension.  The peak stress range in the cap beam was 2.8 ksi. 
The dynamic amplification of the stress range, SR, ranged between 20% and 70% 
in the column, and between 0% and 20% in the cap beam. 
 51
 
  Right Lane Left Lane 
  Static Tests 
RPA_CRL1.DAT RPA_CRL3.DAT Location Channel 
Min Max SR Min Max SR 
CH_28 -1.4 0.2 1.5 -0.5 0.4 1.0 
CH_29 -1.8 0.3 2.1 -0.9 0.5 1.4 
CH_30 -0.3 1.2 1.5 -1.0 0.4 1.4 
Base of 
column 
CH_31 -0.4 1.5 1.9 -1.1 0.6 1.7 
CH_32 -1.6 0.9 2.4 -2.0 0.4 2.3 
CH_33 -1.0 1.2 2.2 -0.5 1.5 2.0 
CH_34 -1.5 1.3 2.7 -1.8 0.6 2.4 
Cap Beam 
CH_35 -0.8 1.2 2.0 -0.3 1.6 2.0 
        
  Dynamic Tests 
RPA_DYN1.DAT RPA_DYN2.DAT Location Channel 
Min Max SR Min Max SR 
CH_28 -1.8 0.4 2.2 -1.2 0.5 1.7 
CH_29 -2.2 0.5 2.7 -1.5 0.6 2.1 
CH_30 -0.3 1.6 1.8 -0.9 1.0 1.9 
Base of 
column 
CH_31 -0.3 1.9 2.2 -1.0 1.3 2.3 
CH_32 -1.5 1.0 2.5 -1.8 0.7 2.5 
CH_33 -1.2 1.1 2.3 -0.8 1.6 2.3 
CH_34 -1.5 1.4 2.9 -1.8 1.0 2.8 
Cap Beam 
CH_35 -1.0 1.2 2.1 -0.6 1.5 2.2 
        
  Ratio 
Dynamic/Crawl Dynamic/Crawl Location Channel 
Min Max SR Min Max SR 
CH_28 1.3 2.1 1.4 2.3 1.1 1.7 
CH_29 1.2 1.9 1.3 1.8 1.1 1.5 
CH_30 0.8 1.3 1.2 0.9 2.5 1.3 
Base of 
column 
CH_31 0.9 1.2 1.2 0.9 2.1 1.4 
CH_32 1.0 1.2 1.0 0.9 2.0 1.1 
CH_33 1.1 1.0 1.0 1.7 1.0 1.2 
CH_34 1.0 1.0 1.0 1.0 1.8 1.2 
Cap Beam 
CH_35 1.2 1.0 1.0 2.0 0.9 1.1 
 
Table 4.6 – Summary of peak stresses (in ksi)within Bent SB15 
measured during static and dynamic tests on Ramp A above; 
and ratios of dynamic-to-crawl stresses 
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5.0 Results of Long-term Monitoring 
 This section presents the results of the long-term monitoring phase of this project.  
Remote monitoring was conducted between September 30, 2004 and November 9, 2004, 
for a total of 40 days of data collected.  Based on a review of the data from the controlled 
load testing, all of the gages were monitored except CH_20 where very low stresses were 
measured.  Stress time-history data were recorded when predefined trigger values were 
exceeded in specified channels.  The gages were grouped into three sets: 
1. Gages affected by vehicles on Ramp A 
2. Gages affected by vehicles on southbound SR65 
3. Gages affected by vehicles on northbound SR65 
 
 For Ramp A, CH_8 was selected as the trigger channel, with a threshold stress of 
0.6 ksi.  For each trigger 15 seconds of data before, and 10 seconds of data after the event 
were recorded. 
 For southbound SR65, CH_1 was selected as the trigger channel, with a threshold 
stress of 1.8 ksi.  For each trigger 10 seconds of data before, and 10 seconds of data after 
the event were recorded. 
 For northbound SR65, CH_16 was selected as the trigger channel, with a 
threshold stress of 0.75 ksi.  For each trigger 5 seconds of data before, and 5 seconds of 
data after the event were recorded. 
Stress-range histograms were developed continuously for all channels throughout 
the monitoring period.  Every ten minutes, histograms were updated for each channel and 
written to a file.  The rainflow cycle-counting algorithm was used to develop the stress-
range histograms.  For the fatigue evaluation, the stress-range histograms were truncated 
at a level equal to approximately 1/4 of the constant amplitude fatigue limit (CAFL) of 
the detail specified in AASHTO.  That is, all cycles with stress ranges less than the 
truncation level were removed from the histogram prior to calculation of the effective 
stress. An in-depth discussion of the methodology used for the fatigue evaluation can be 
found in Appendix B.  Each detail type where monitoring was performed is analyzed and 
presented separately below. 
 
5.1 Bottom Flange Splice 
 Figure 5.1 contains stress-range histograms for the three strain gages located at 
bottom flange splices in southbound SR65 (CH_1), Ramp A (CH_8), and northbound 
SR65 (CH_15).  The figure inset shows a magnified view of the upper tail of the 
histogram.   
This detail is classified as detail category C since the weld was not ground smooth 
and a weld toe remains.  All stress cycles less than 2.5 ksi were removed from the 
spectra.  This cutoff value is equal to 1/4 of the CAFL of 10 ksi for category C.  Table 5.1 
contains the estimates of the remaining fatigue life for these locations.  As can be seen, 
the effective stress ranges are consistent.   Furthermore, the CAFL of 10 ksi was never 
exceeded.  The peak recorded stress range during the entire monitoring period was 4.5 
ksi.  There were also a very low number of measured cycles (with a stress range above 
the truncation level).  At each of these locations, it has been determined that infinite life 
can be expected. 
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Figure 5.1 – Stress-range histograms for strain gages located on the bottom flange splice 
within Span 13 of southbound SR65 (CH_1), Ramp A (CH_8),  
and northbound SR65 (CH_15) 
 
Cycles > CAFL Strain 
Gage 
SRmax 
(ksi) # % 
SReff 
(ksi) 
Cycles/ 
day 
Remaining
Life 
(years) 
CH_1 4.5 0 0.00 3.0 1 infinite 
CH_8 4.0 0 0.00 3.0 1 infinite 
CH_15 4.0 0 0.00 3.0 0 infinite 
 
Table 5.1 – Summary of fatigue life calculations for box-girder bottom flange splices 
Category C detail 
 
 
5.2 Termination of Bottom Flange Stiffeners 
Figure 5.2 contains the stress-range histograms for the strain gages located at the 
terminations of the bottom flange “T” stiffeners within Span 13.  Strain gages CH_2 and 
CH_3 were located within southbound SR65.  Strain gages CH_9 and CH_10 were 
located within Ramp A.  Finally, CH_16 and CH_17 were located in northbound SR65. 
These details are classified as category E and the truncation level was set at 1.0 
ksi, as indicated in the Figure.  Shown in Table 5.2 are the estimates of the remaining 
fatigue life for these locations.  Note that the CAFL of 4.5 ksi was never exceeded.  The 
peak measured stress range during the entire monitoring period was 4.0 ksi.  Infinite 
fatigue life can be expected at these details.  
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Figure 5.2 – Stress-range histograms for strain gages located on the termination of bottom 
flange “T” stiffeners within Span 13 of southbound SR65 (CH_2, 3),  
Ramp A (CH_9, 10), and northbound SR65 (CH_16, 17) 
 
Cycles > CAFL Strain 
Gage 
SRmax 
(ksi) # % 
SReff 
(ksi) 
Cycles/ 
day 
Remaining
Life 
(years) 
CH_2 3.0 0 0.00 1.3 78 infinite 
CH_3 3.5 0 0.00 1.4 116 infinite 
CH_9 4.0 0 0.00 1.7 41 infinite 
CH_10 4.0 0 0.00 1.6 14 infinite 
CH_16 4.0 0 0.00 1.3 71 infinite 
CH_17 3.5 0 0.00 1.4 132 infinite 
 
Table 5.2 – Summary of fatigue life calculations for box-girder  
bottom flange “T” stiffener terminations 
Category E detail 
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5.3 Intersection of Bottom Flange Stiffeners with Diaphragms at Bents 
Presented in Figure 5.3 are the stress-range histograms for the strain gages located 
at the intersection between the bottom flange “T” stiffeners and the diaphragm plate at 
Bent 12.  Strain gages CH_4 and CH_5 were located within southbound SR65.  Strain 
gages CH_11 and CH_12 were located within Ramp A.  Finally, CH_18 and CH_19 were 
located in northbound SR65. 
These details are also classified as category E and the truncation level was set at 
1.0 ksi, as indicated in the Figure.  Table 5.3 contains the estimates of the remaining 
fatigue life for these locations.  Note that again the CAFL of 4.5 ksi was never exceeded.  
The peak measured stress range during the entire monitoring period was 4.5 ksi.  Infinite 
fatigue life can be expected at these details.  
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Figure 5.3 – Stress-range histograms for strain gages located on the intersection of 
bottom flange “T” stiffeners with the diaphragm at Bent 12  
of southbound SR65 (CH_4, 5), Ramp A (CH_11, 12),  
and northbound SR65 (CH_18, 19) 
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Cycles > CAFL Strain 
Gage 
SRmax 
(ksi) # % 
SReff 
(ksi) 
Cycles/ 
day 
Remaining
Life 
(years) 
CH_4 4.0 0 0.00 1.4 210 infinite 
CH_5 3.0 0 0.00 1.3 144 infinite 
CH_11 3.5 0 0.00 1.6 59 infinite 
CH_12 2.5 0 0.00 1.4 27 infinite 
CH_18 3.0 0 0.00 1.4 146 infinite 
CH_19 4.5 0 0.00 1.3 129 infinite 
 
Table 5.3 – Summary of fatigue life calculations at intersection of box-girder  
bottom flange “T” stiffener and diaphragm at bents 
Category E detail 
 
5.4 Web Gaps at Transverse Diaphragm Connection Plates 
The stress-range histograms for the strain gages located with in web gaps at the 
transverse diaphragm connection plate are shown in Figure 5.4.  Strain gages CH_6 and 
CH_7 were located within Span 13 of southbound SR65.  Strain gages CH_13 and 
CH_14 were located within Span 13 of Ramp A.  Finally, CH_21 was located within 
Span 13 of northbound SR65. 
These details are also classified as category C.  However, due to the fact that the 
strain gages could not be installed within the web gap, the reported stress are somewhat 
lower than the actual stresses present at the weld toe.  The stresses at the weld toe on the 
web (the origin of the cracks) are estimated to be between 1.5 and 2 times larger than the 
measured stresses.  Table 5.4 contains the estimates of the remaining fatigue life for these 
locations using the measured stress-range histograms. 
Note that the measured stresses never exceeded CAFL.  The peak measured stress 
range during the entire monitoring period was slightly greater than 5.0 ksi (at CH_7).  If 
the measured stresses are multiplied by two, it can be seen that with the exception of 
CH_7, the CAFL of 10 ksi is still never exceeded.  At CH_20 which was monitored 
during the controlled load tests, very low stresses were measured and was therefore not 
included in the long-term monitoring.  Furthermore, it can be seen in Table 5.4 that the 
number of cycles measured at the strain gages on Ramp A were much lower that the 
strain gages in SR65, as expected since there is not a large volume of heavy truck traffic 
on Ramp A. 
Fatigue cracks have been found during routine inspections at ten locations within 
the southbound SR65 spans and eight locations within the northbound SR65 spans at the 
web gaps.  No cracks have been found in the Ramp A spans.  In general, the following 
observations have been made based on a review of the inspection reports. 
1. The cracks are generally small (all less than 2 inches with half less than 1 
inch). 
2. There has been very little observed growth in these cracks over the past 
two inspection cycles. 
3. The percentage of cracked locations is very low 
4. Cracks have been found at both the top and bottom flanges; 
5. Cracks have been found in interior and exterior webs 
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Figure 5.4 – Stress-range histograms for strain gages located at web gaps within Span 13 
of southbound SR65 (CH_6, 7), Ramp A (CH_13, 14),  
and northbound SR65 (CH_21) 
 
Cycles > CAFL Strain 
Gage 
SRmax 
(ksi) # % 
SReff 
(ksi) 
Cycles/ 
day 
Remaining
Life 
(years) 
CH_6 4.5 0 0.00% 2.9 10 infinite1 
CH_7 > 5.0 0 0.00% 3.3 80 infinite1 
CH_13 4.0 0 0.00% 2.9 1 infinite1 
CH_14 3.0 0 0.00% 2.8 0 infinite1 
CH_21 4.0 0 0.00% 1.4 88 infinite1 
Note:  1. Measured stresses lower than those at the weld toe, and therefore infinite life 
may not be expected at all details. 
 
Table 5.4 – Summary of fatigue life calculations at web gaps  
at transverse diaphragm connection plates 
Category C detail 
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5.5 Base of Bent NB13S 
The connection of the single column bents to the base plate is fabricated as a 
fully-rigid connection.  Based on a review of design and shop drawings, it was 
determined that the two flange plates and one web plate comprising the box section have 
a full penetration double-bevel groove weld.  The second web plate (i.e., the closure 
plate) was connected to the base plate with a single-bevel groove weld with a  3/4”x3/4” 
backing bar, due to the fact that the inside of the box column would have been 
inaccessible.  The lack of fusion zone between the backing bar and the base plate acts as a 
pre-cracked condition.  A schematic drawing of the closing web-to-baseplate weld is 
shown in Figure 5.5. 
 
 
 
Figure 5.5 – Schematic drawing of the closing web-to-baseplate connection at 
fully rigid column bases 
 
Figure 5.6 contains the stress-range histogram for the strain gages at the base of 
Bent NB13S.  Table 5.5 contains the estimates of the remaining fatigue life for these 
locations based on an assumed category E’ performance.  However, this connection is 
complex, and as such, the simplified AASHTO procedure may not be applicable. 
The standard AASHTO fatigue equations do not include the effects of such a 
condition. Therefore, a fracture-mechanics approach was taken to estimate the remaining 
life.  An initial flaw size, ai,  of 3/4 inch (the size of the backing bar) was conservatively 
assumed.  Since the backing bar is often only tack welded to one of the plates, it is likely 
that there is very little fusion between the back up bar and the base plate.  As stated 
above, this lack-of-fusion plane acts like a pre-cracked condition perpendicular to the 
applied stress field.   
The life is deemed to be exhausted when the crack grows to 1 1/8” (= af) or 
through half the web thickness.  Based on the measured effective stress and assuming that 
the measured stress-range histogram is representative of the stress-range spectrum 
experienced by the structure to date, it is estimated that these connections have 12 years 
of life remaining (i.e., before the crack propagates to half the thickness of the web plate.)  
It must be noted that there is a tremendous amount of scatter in these data, and there are 
conservative assumptions made in the calculations.   
Eight full penetration weldments were inspected using the UT method by Fish 
Inspection and Testing, LLC, to determine if in fact these lack-of-fusion zones have 
extended during the life of the bridge.  No evidence of weld cracking, fatigue cracking, 
nor discernible defects were found in any of the welds tested.  A complete report on the 
UT inspection of these welds is presented in Appendix F. 
ai 
3/4” web 3/4”x3/4” 
B.U. bar
lack of fusion zone 
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Figure 5.6 – Stress-range histograms for strain gages located at the base of Bent NB13S 
 
 
Cycles > CAFL Remaining Life (yrs) 
Strain 
Gage 
SRmax 
(ksi) # % 
SReff 
(ksi) 
Cycles/ 
day 
per 
AASHTO 
cat. E’ 
per 
fracture 
mechanics
CH_36 5.0 614 0.10 0.9 14,947 61 12 
CH_37 4.3 745 0.27 0.9 6,899 over 100 76 
CH_38 4.5 238 0.08 0.8 7,260 over 100 90 
CH_39 4.0 435 0.06 0.9 17,000 64 13 
 
Table 5.5 – Summary of fatigue life calculations at base of Bent NB13S based on 
AASHTO fatigue equations 
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5.6 Bents SB13S and SB15 
Figures 5.7 and 5.8 contain the stress-range histogram for the strain gages 
installed on Bents SB13S and SB15, respectively.  Tables 5.6 and 5.7 contains the 
estimates of the remaining fatigue life for the strain gages on SB13S and SB15 based on 
an assumed category E’ performance.  A truncation level of 0.5 ksi was used.  The CAFL 
of category E’ is 2.6 ksi. 
It can be seen that finite fatigue life is expected due to the fact that the CAFL was 
exceeded with a frequency of more than 1/10,000.  However, the calculated finite life 
was more than 100 years, far exceeding the remaining useful life of the bridge.  
  
 61
 
0
5000
10000
15000
20000
25000
30000
35000
40000
45000
0-0.5 0.5-1 1-1.5 1.5-2 2-2.5 2.5-3 3-3.5 3.5-4 4-4.5 4.5-5
Stress Range (ksi)
N
um
be
r o
f C
yc
le
s
CH_22 CH_23
CH_24 CH_25
CH_26 CH_27
  
Figure 5.7 – Stress-range histograms for strain gages located on Bent SB13S 
on the column above the southbound roadway (CH_22, 23, 24, 25), 
Ramp A cantilevered girder (CH_26, 27) 
 
Cycles > CAFL Strain 
Gage 
SRmax 
(ksi) # % 
SReff 
(ksi) 
Cycles/ 
day 
Remaining
Life 
(years) 
CH_22 4.0 116 0.27 0.9 1,091 over 100 
CH_23 4.0 39 0.09 0.8 1,093 over 100 
CH_24 4.0 13 0.07 0.9 499 over 100 
CH_25 4.0 5 0.02 0.8 559 over 100 
CH_26 3.5 53 0.27 0.9 485 over 100 
CH_27 3.5 5 0.07 0.9 186 over 100 
 
Table 5.6 – Summary of fatigue life calculations for beam and column  
of Bent SB13S 
Category E’ detail 
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Figure 5.8 – Stress-range histograms for strain gages located on Bent SB15 
on the base of the column supporting Ramp A (CH_28, 29, 30, 31), 
and on the adjacent girder (CH_32, 33, 34, 35) 
 
Cycles > CAFL Strain 
Gage 
Srmax 
(ksi) # % 
Sreff 
(ksi) 
Cycles/ 
day 
Remaining
Life 
(years) 
CH_28 3.5 19 0.05 0.8 967 over 100 
CH_29 4.5 61 0.12 0.8 1,301 over 100 
CH_30 4.0 10 0.04 0.8 641 over 100 
CH_31 4.0 26 0.06 0.9 1,115 over 100 
CH_32 4.0 27 0.17 0.9 403 over 100 
CH_33 3.5 14 0.22 1.0 157 over 100 
CH_34 4.0 80 0.48 1.0 416 over 100 
CH_35 3.0 2 0.02 0.9 217 over 100 
 
Table 5.7 – Summary of fatigue life calculations for beam and column  
of Bent SB15 
Category E’ detail 
0
10
20
30
40
50
60
70
2.5-3 3-3.5 3.5-4 4-4.5 4.5-5
stress range cut-off 
 63
5.7 Plug Welds in Box-Column Web Plates of Bent NB13S 
 Strain gages were not installed at the plug welds connecting the closure web plate 
of a box column to the diaphragms.  However, the stress-range spectra from the base of 
the column at Bent NB13S can conservatively be used to evaluate the remaining fatigue 
life at these details.  The fatigue performance of plug welds is evaluated using Category 
F, with a CAFL of 8 ksi.  It can be seen in the stress-range spectra for the strain gages at 
the base of Bent NB13S (Table 5.5) that the peak stress was 5.0 ksi (CH_36).  Since this 
is less than the CAFL of 8 ksi, fatigue cracking at the plug welds is not expected for the 
life of the bridge. 
 A fracture mechanics approach to evaluate the fatigue life of the plug welds was 
also utilized by assuming an initial flaw size of 1/8 inch.  Using the effective stress range 
determined at the base of the column (see Table 5.5) the estimated remaining fatigue life 
is over 100 years. 
 To further evaluate the potential for fatigue cracking at the plug welds, a core 
sample containing part of a plug weld at Bent NB12 was removed. A fractographic 
examination was performed, complete details of which are presented in Appendix C.  No 
defects were found in the plug weld,  Furthermore, there was no sign of fatigue crack 
propagation from the crack-like condition.   
 In addition to the core sample, UT inspection of 24 plug welds was performed by 
Fish Inspection and Testing, LLC.  A complete report on the UT inspection is presented 
in Appendix F.  No weld cracking, fatigue cracking, nor discernible defects were found in 
any of the welds tested. 
 
 64
6.0 Summary and Recommendations 
 The following section provides a summary of the results of the field 
instrumentation, testing, and monitoring conducted on the northern approach spans of the 
Fort Duquesne Bridge. 
 
6.1 Details within Box-girder Spans 
Three detail types were instrumented within the box girders that are subjected to 
primary stresses.  These include:  
1. The welded splice of the bottom flange (see Figure 6.1(a)) 
2. The termination of the bottom flange “T” stiffeners within the span  
(see Figure 6.1(b)) 
3. The intersection of the “T” stiffeners with the diaphragm at interior bents 
(they stop short of the diaphragm, see Figure 6.1(c)) 
 
 
(a) (b) (c) 
 
Figure 6.1 – Instrumented details within box-girder spans 
 
The measured stresses at each of these details were low, on the order of 5 ksi 
(stress range).  Furthermore, fatigue life calculations using the standard AASHTO fatigue 
equations indicate that infinite life can be expected at these details and no retrofits are 
required.  It is reasonable to conclude that other similar details in other spans would have 
comparable fatigue life estimates.  The details should continue to be examined during 
routine inspections, but no cracking is expected. 
 
6.2 Weld at Fully-rigid Column-base Connections 
The single column bents, such as Bent NB13S which was instrumented as part of 
this project, were provided with fully-rigid connections to the baseplate.  There are 
several bent columns part of combined bents which also have fully-rigid base 
connections. 
The columns are box members.  Three of the plates that make up the column box 
are welded to the baseplate with double-bevel groove welds.  The fourth plate (a web) is 
connected with a single-bevel groove weld, with a backing bar on the inside of the 
column.  As a result, there exists a pre-cracked condition at the lack-of-fusion interface 
between the backing bar and the column baseplate, as shown in Figure 6.2.  This lack-of-
fusion zone has the potential to extend in fatigue, however standard visual inspection 
techniques cannot determine if such growth has occurred.  Calculations of the growth rate 
using the effective stress range measured during the long-term monitoring indicate that 
the estimated remaining life is 12 years which may not be adequate. 
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Figure 6.2 – Schematic drawing of the closing web-to-baseplate connection at 
fully rigid column bases 
 
To assess these welds and determine whether fatigue cracking has occurred, 
ultrasonic testing (UT) was performed on eight welds by Fish Inspection and Testing, 
LLC.   No weld cracking, fatigue cracking, nor discernible defects were found in any of 
the welds tested.  A report summarizing the UT inspection is contained in Appendix F. 
 
6.3 Plug Welds in Bent Columns 
The majority of the bent columns have plug welds which connect the closing web 
plate to the diaphragm plates located approximately every 10 feet over the column height.  
The diaphragm plate was fitted with a 1/2”x4” plate along the interface between the web 
plate.  The web plate was then plug-welded to this plate via 1-1/8 inch diameter holes. 
It is well known that fabricating high quality plug welds is very difficult to 
achieve and often lack-of-fusion zones are created during the welding process.  In 
addition, weld quality is often poor and shrinkage cracking can be common.  Under 
repeated loading, lack-of-fusion defects in plug welds have been known to grow in 
fatigue in other structures.  This was observed in the Illinois I-57 overpass at Farina [1]. 
In order to assess the quality of these plug welds, which is critical in assessing the 
remaining life of these details, a core sample containing a plug weld was removed from 
bent NB12 for fractographic analysis.  Complete details of this study are presented in 
Appendix C.  Figure 6.3 contains a photograph of bent NB12 showing the removed core.  
Figure 6.4 shows a detail of the core removal.  No defects were found in the plug weld.  
Furthermore, there was no sign of fatigue crack propagation from the crack-like 
condition.  Complete details of the fractographic examination can be found in Appendix 
C. 
ai 
3/4” web 3/4”x3/4” 
B.U. bar
lack of fusion zone 
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Figure 6.3 - General view of detail and location of core 
(Looking South) 
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Figure 6.4 – Core extraction detail  
 
To assess the presence of defects in these plug welds and determine whether 
fatigue cracking has occurred, ultrasonic testing was performed on 24 plug welds by Fish 
Inspection and Testing, LLC.  No weld cracking, fatigue cracking, nor discernible defects 
were found in any of the welds tested.  A report summarizing the UT inspection is 
contained in Appendix F. 
 
6.4 Web Gap Cracking 
Cracking at the web gaps formed between the transverse diaphragm connection 
plate and the top or bottom flange of the box girders have been found during routine 
inspections.  They are summarized as follows: 
 
Southbound SR65 
Within the southbound SR65 box girders eight cracks have been found.  Out of 
those eight, seven have not grown during the past two inspections (4 years).  One crack 
has not had growth during the last inspection cycle (2 years).  The largest crack size is 2 
inches. 
 
Northbound SR65 
 Within the northbound SR65 spans, ten cracks have been found.  Out of those 
cracks, nine have not shown any growth during the past two inspections (4 years) while 
one has not shown any growth in the last inspection cycle (2 years).  
 
Ramp A 
 There have not been any web gap cracks discovered within the Ramp A spans. 
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To assess the cause of cracking and whether crack growth has occurred, three core 
samples containing cracked web gaps representative of cracks found throughout the 
bridge were removed.  Figure 6.5 contains a photograph of one of the cracked locations 
after the core had been extracted. 
 
 
 
Figure 6.5 – Cracked web gap after extraction of core sample 
 
 A fractographic examination of the core samples was performed.  Complete 
details of this examination can be found in Appendix D.  The study found that though the 
exact cause of the crack initiation could not be determined, it is highly likely that the 
crack was formed during fabrication (paint products were found on the crack surface of 
two of the cores).  Furthermore, there was no evidence of crack propagation under 
fatigue. 
Due to the fact that there are a small number of cracks compared to the number of 
potential locations for this type of cracking, and the fact that the crack growth appears to 
be very slow, retrofit of the uncracked locations is not recommended. 
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6.5 Backing Bar Splices 
Previous inspection of several box girders of the SR65 Fort Duquesne approach 
spans revealed that in several locations, the longitudinal backing bars (used to fabricate 
the web-to-flange weld of the box girders) were not properly spliced (a complete joint 
penetration (CJP) weld was specified).  Rather, the adjacent backing bars were simply 
“butted” together as shown in Figure 6.6. 
 
 
 
Figure 6.6 - Photograph of typical backing bar splice that was not welded 
 
This detail is known to have very poor fatigue resistance and has led to fatigue 
cracking in some bridges.  Fracture mechanics calculations were performed and indicated 
that effectively infinite fatigue life can be expected, and that the flange of the girder can 
tolerate a large (greater than 2 inches) fatigue crack before fracturing.  However, to 
eliminate the possibility of fatigue crack growth from this detail, all existing splices were 
ground out as part of the current project under the direction of Michael Baker, Inc.  
Complete details of the backing bar evaluation can be found in Appendix E. 
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Development of Stress-Range Histograms 
used to Calculate Fatigue Damage 
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B.1 Stress-Range Histograms 
The stress-range histogram data collected during the uncontrolled monitoring 
permitted the development of a random variable-amplitude stress-range spectrum for the 
selected strain gages.  It has been shown that a variable-amplitude stress-range spectrum 
can be represented by an equivalent constant-amplitude stress range equal to the cube 
root of the mean cube (rmc) of all stress ranges (i.e., Miner’s rule) [1] (i.e., Sreff = 
[ΣαiSri3]1/3). 
During the long-term monitoring program, stress-range histograms were 
developed using the rainflow cycle counting method [2].  Although several other methods 
have been developed to convert a random-amplitude stress-range response into a stress-
range histogram, the rainflow cycle counting method is widely used and accepted for use 
in most structures.  During the long-term monitoring program, the rainflow analysis 
algorithm was programmed to ignore any stress range less than 0.50 ksi (18με).  Hence, 
the “raw” histograms do not include these very small cycles.  Such small cycles do not 
contribute to the overall fatigue damage of even the worst details and if included, can 
actually unconservatively skew the results, as will be discussed below.  It is also worth 
mentioning, that in some testing environments, the validity of stress-range cycles less 
than this are often questionable due to electromechanical noise.   
The effective stress range presented for each channel in the body of the report was 
calculated by ignoring all stress-range cycles obtained from the stress-range histograms 
that were less than predetermined limits.  (It should be noted that the limit described here 
should not be confused with the limit described above.  The limit above (i.e., 0.50 ksi 
(18με)) refers to the threshold of the smallest amplitude cycle that was counted by the 
algorithm and not related to the cycles that were counted, but later ignored, to ensure an 
accurate fatigue life estimate, as will be discussed.)  For all welded steel details, a cut-off 
or threshold is appropriate and necessary, as will be discussed.  The limits were typically 
about ¼ the constant amplitude fatigue limit for the respective detail.  For example, for 
strain gages installed at details that are characterized as category C, with a CAFL of 10.0 
ksi, the cutoff was set at 2.5 ksi.  Hence, stress range cycles less than 2.5 ksi were ignored 
in the preparation of the stress-range histograms used to calculate the effective stress 
range and the number of cycles accumulated.  The threshold was selected for two 
reasons. 
Previous research has demonstrated that stress ranges less than about ¼ the CAFL 
have little effect on the cumulative damage at the detail [3].  It has also been 
demonstrated that as the number of random variable cycles of lower stress range levels 
are considered, the predicted cumulative damage provided by the calculated effective 
stress range becomes asymptotic to the applicable S-N curve.  A similar approach of 
truncating cycles of low stress range is accepted by researchers and specifications 
throughout the world [4]. 
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Figure B.1 – Effect of truncating cycles at different stress range cut off levels   
(Typical data from a stain gage at a fatigue sensitive detail) 
 
 
Figure B.1, shows the effect on the calculated effective stress range for several 
levels of truncation using typical field acquired long-term monitoring data collected from 
strain gage installed on a bridge.  The data presented in Figure B.1 are also listed in Table 
B.1 showing the selected truncation level and its impact on the effective stress range.   
As demonstrated by Figure B.1, as the truncation level decreases (from the lowest 
level), the effective stress range and corresponding number of cycles approaches the 
slope of the S-N curve for Category C, which is also plotted in Figure B.1 (i.e., a slope of 
–3 on a log-log plot).  As long as the cut off level selected is consistent with the slope of 
the fatigue resistance curve, considering additional stress cycles at lower truncation levels 
does not improve the damage assessment and can therefore be ignored.  As can be seen, 
using a truncation level as high as 10 ksi, the curve is nearly asymptotic to the slope of 
the S-N curves.  Hence, an accurate prediction of the total fatigue life results. 
 It should also be noted that the load spectrum assumed in the AASHTO LRFD 
specifications for design was developed by only considering vehicles greater than about 
20 kips [5].  Thus the AASHTO LRFD design also implicitly truncates and ignores stress 
cycles generated by lighter vehicles and vibration [6].  The observed frequency of stress 
cycles obtained from traffic counts is also consistent with the frequency of vehicles 
measured. 
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Cut Off  
(ksi) 
Number Cycles 
> Cut Off Value 
Sreff  
(ksi) 
0.75 575,867 3.3 
2.75 117,869 5.5 
4.75 37,842 7.6 
6.75 15,112 9.6 
8.75 6,547 11.5 
10.75 2,938 13.3 
12.75 1,284 15.1 
14.75 509 17.0 
16.75 191 19.3 
18.75 85 21.3 
20.75 45 22.6 
22.75 22 23.9 
24.75 6 25.1 
25.75 2 25.7 
 
Table B.1 – Calculated effective stress ranges using different stress range cut off levels  
Only every other data shown in Figure B.1 is shown for brevity  
 
 
The maximum stress ranges listed in the tables developed in the body of this 
report were determined from the rainflow count.  According to rainflow cycle counting 
procedures, the peak and valley that comprise the maximum stress range may not be the 
result of a single loading event and may in fact occur hours apart.  In other words, an 
individual truck did not necessarily generate the maximum stress range shown in the 
tables.  This is particularly true of distortion induced stresses that are subjected to 
reversals in stress due to eccentricity of the loading.  In many cases, it was possible to 
identify this maximum stress range with a specific vehicle passage, but in other cases, the 
maximum rainflow stress range exceeded the maximum stress range from any individual 
vehicle.  During the remote long-term monitoring program, the stress-range histograms 
were updated every ten minutes.  Hence, the longest interval between nonconsecutive 
peaks and valleys is ten minutes. 
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B.2 Frequency of Exceedence of the CAFL 
Based on experimental data, it has been found that when cycles in the variable 
amplitude spectrum exceed the CAFL often enough, then all stress cycles experienced by 
the structure can be considered to be damage-causing.  This frequency of exceedence 
limit ranges between 0.01% and 0.05%.  This corresponds to an occurrence of 1 in 
10,000 or 1 in 2,000.   
Research indicates that if this frequency limit is not exceeded, then it is 
reasonable to conclude that fatigue cracking would not be expected and infinite life can 
be assumed.  However, if the limit is exceeded, the potential for fatigue cracking of the 
member exists and the fatigue life can be estimated by extending the given S-N curve.  
Obviously, this extension will only be required if the effective stress range (SReff) is less 
than the CAFL of the detail.   
It should be noted that the limits are somewhat different for different details and 
the experimental data are limited.  It is perhaps overly conservative to set the limit at 
0.01% one for all details when conducting a fatigue evaluation.  (This is not an issue in 
the design of new structures.)  However, some owners may feel that 0.05% is too liberal 
and that a more conservative approach is best.  Therefore, for the purposes of this study, a 
limit of 0.01% has been used. 
 B-6
References: 
 
1. Miner, M.A., Cumulative Damage in Fatigue, Journal of Applied Mechanics, 
Vol. 1, No.1, Sept., 1945.  
2. Downing S.D., Socie D.F., Simple Rainflow Counting Algorithms, International 
Journal of Fatigue, January 1982.  
3. Fisher, J.W., Nussbaumer, A., Keating, P.B., and Yen, B.T., Resistance of Welded 
Details Under Variable Amplitude Long-Life Fatigue Loading, NCHRP Report 
354, National Cooperative Highway Research Program, Washington, DC, 1993.  
4. Steel Structures – Material and Design, Draft International Standard, 
International Organization for Standardization, 1994.  
5. Schilling, C.G., Variable Amplitude Load Fatigue, Task A - Literature Review: 
Volume I - Traffic Loading and Bridge Response, Publication No. FHWA-RD-87-
059, Federal Highway Administration, Washington, DC, July 1990.  
6. Moses, F., Schilling, C.G., Raju, K.S., Fatigue Evaluation Procedures for Steel 
Bridges, NCHRP Report 299, National Cooperative Highway Research Program, 
Washington, DC, 1987.  
 
 
Appendix C 
 
 
Evaluation of Core Sample  
from Bent Column Plug Welds 
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C1. Introduction 
 One core was extracted from bent NB12 on the SR65 northern approach spans to 
the Fort Duquesne Bridge to investigate the quality of the plug welds used for attaching 
the 3/4 inch thick column web plate to the internal 1/2 inch thick backing plate.  The plug 
welded connections are located approximately every 10 feet over the column height.  The 
diaphragm plate was fillet welded with a 1/2 inch by 4 inch backing plate along the 
closure edge.  The column web plate was then plug welded to this backing plate.  The 
location of the core and extraction detail are shown in Figure C.1 and Figure C.2, 
respectively.   
 Prior to extracting the core, ultrasonic testing was conducted by Phil Fish with 
Fish Inspection & Testing LLC, to identify the exact location of the plug welds and to 
evaluate the quality of the welds.  The plug weld selected exhibited the minimum amount 
of fusion to the backing plate of the eight welds at that elevation.  A 1/8 inch diameter 
hole was drilled in the column to release the vacuum (if present) within the column box-
section and to prevent the core from being “sucked” into the column.  Unfortunately, 
since an internal diaphragm lies in the same plane as the plug welds, it is extremely 
difficult made it difficult to extract the core such that the entire plug weld is contained 
within the core.  The core was therefore centered below the plug weld such that the edge 
of the core barrel cut slightly into the diaphragm plate.  Therefore, only a portion of the 
plug weld was removed.  However, it should be noted that any lack-of-fusion zones with 
the top and bottom sides of the holes created during the fabrication would be critical for 
longitudinal stresses in the column, and would be contained in the core if (if they exist).  
Due to the fact that the core barrel cut into the diaphragm, this portion of the core had to 
be cut with a hacksaw blade to remove the core.  This portion of the core can be seen on 
the left side of Figure C.3.  A schematic showing the location of the core is shown in 
Figure C.2.  The removed core is shown in Figure C.3. 
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Figure C.1 - General view of detail and location of core 
(Looking South) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Web Plate 
Location of 
extracted core 
Box 
girder 
 C-3
 
Figure C.2 Extraction detail of the core 
 
 
 
Figure C.3 - Cored sample from Fort Duquesne (Column NB12) 
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 After the extraction of the core, the core was sanded, polished, and etched to 
quantify the amount of plug weld contained within the core, which can be seen in Figure 
C.4.   
 
 
Figure C.4 – Core sample after etching and polishing of its surface 
 
 The core was then cut into two pieces to investigate the quality of the weld 
through its thickness, and to determine if any fatigue cracking has occurred.  Figure C.5 
contains a photograph of the polished and etched surface of the core sample As can be 
seen no weld defects were found in the plug weld through its thickness.  Furthermore, 
there was no sign of fatigue crack propagation from the crack-like condition, which result 
from the gap that exists between the column web plate and the internal backing plate.  
This finding was expected since the direction of the principal stress is parallel to this 
crack-like condition. 
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Figure C.5 - Half of the core after polishing and etching the cut surface 
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Evaluation of Core Samples  
at Web Gap Cracks 
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D1. Introduction 
 Three cores containing different cracked welded transverse connection plate 
details were extracted from the box-girders of north bound SR65 (span NB13), and south 
bound SR65 (spans SB11 and SB15) of the Fort Duquesne Bridge. A number of web gap 
cracks have been found during routine inspection.  Three cores representative of the 
cracked details were extracted to investigate the nature of the cracks and determine if 
repair is needed for any existing similar cracked or uncracked details on the bridge.  The 
core extraction was performed by personal from Sofis Company, Inc. using a magnetic 
base drill under the direction of ATLSS researchers.  The coring took place on April 11-
13, 2005.   
The cores were identified as NB13-C12, SB11-C3 and SB15-C6.  After 
identification of the cracked location, a 1/8” pilot hole was drilled from the inside of the 
box-girder so that the barrel of the 3” diameter core could be accurately positioned at the 
exterior of the web.  The core was drilled to a depth of approximately 2 1/2 inches.  
Subsequent to the coring, two 1” diameter holes were drilled through the connection plate 
at the upper and lower cuts produced by the coring.  The core was removed by cutting 
between these two holes using a reciprocating saw and cutting wheel.  Drawings of the 
coring details can be seen in figures D.11 and D.12. 
The cores were taken to the ATLSS Research Center for evaluation.  Prior to 
exposing the cracked surfaces, the cores were saw cut into smaller specimens for the ease 
of handling.  The cracked surfaces were exposed by immersing the specimens in a liquid 
nitrogen bath to lower their temperature and reduce their fracture toughness.  The 
specimens could then be easily broken into two pieces, exposing the crack surfaces.  
Upon exposure, debris and corrosion products on the crack surfaces were removed 
ultrasonically by immersing the specimens in an aqueous solution of Alconox detergent. 
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D2. Core NB13-C12 
 This core was taken through the west web of the box-girder at the bottom flange 
in span NB13 at diaphragm D6.  The core was located such that the crack was captured 
within the core.  A photograph of the core is shown in Figure D.1  
 
 
Figure D.1 - General view of detail and location of core NB13-C12 
 
 
 As shown in Figure D.2, a dye penetrant test was performed on the core to 
investigate the extent of cracking in the detail.  As shown in the figure, the crack was 
located at the upper toe of the fillet weld attaching the connection plate to the web plate.  
It is worth noting that the crack extended on the other side of the connection plate (only 
one side is shown in the figure).  The exposed cracked surface is shown in Figure D.3.  
Unfortunately, the corrosion products that have been accumulating on the crack surface 
in service caused a great deal of damage to the surface such that microscopic analysis 
would not reveal any valuable information.  Visual inspection of the crack surface did not 
reveal the cause of crack initiation (i.e. fabrication, fatigue, etc.).  There was no evidence 
of crack propagation under fatigue. 
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Figure D.2 – Extracted core NB13-C12 with arrow indicating the crack location 
 
 
 
Figure D.3 – Exposed crack surface of core NB13-C12 
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D3. Core SB11-C3 
 This core was extracted from the east web of the box-girder at the top flange in 
span SB11 at diaphragm D8.  A photograph of the core location is shown in Figure D.4.  
The core was extracted such that the crack was captured within the core.  The crack 
existed along the weld throat as shown in Figure D.5 and extended on both sides of the 
connection plate. 
 
   
Figure D.4 - General view of detail and location of core SB11-C3 
 
Figure D.5 - Extracted core SB11-C3 with arrow indicating the crack location 
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 Paint products were evident on the crack surface upon exposure as shown in D.6.  
The existence of paint on the surface suggests that paint leaked through the cracked weld 
while it was being applied after fabrication.  Blue/brown heat discoloration was evident 
on the crack surface (Figure D.7).  The discoloration strongly supports that the hypothesis 
that the crack was present since fabrication.  One of the possible scenarios suggests that 
the detail cracked after applying the first weld pass.  When the second pass was being 
applied, additional heat was introduced on the surface through the crack caused by the 
first pass.  Furthermore, there was no sign of crack propagation to suggest that the crack 
has extended in fatigue after it was initially formed. 
 
 
 
Figure D.6 – Exposed crack surface of core SB11-C3 
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Figure D.7 – Heat discoloration on exposed crack surface of core SB11-C3 
 
 
D4. Core SB15-C6 
 The core was taken from the east web of the box-girder at the top flange in span 
SB15 at diaphragm D7 (Figure D.8).  Similar to core SB11-C3, the crack existed along 
the weld throat as shown in Figure D.9 and extended on both sides of the connection 
plate. 
 
Figure D.8 - General view of detail and location of core SB15-C6 
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Figure D.9 - Extracted core SB15-C6 with arrow indicating the crack location  
 
 
 A significant amount of paint products was evident on the crack surface along the 
whole length of the crack as shown in D.10.  Again, the existence of paint on the surface 
suggests that the paint seeped through the cracked weld while it was being applied after 
fabrication.  The corrosion products that have been accumulating on the crack surface 
while in service resulted in damage to the surface such that microscopic analysis would 
not reveal any valuable information. Visual inspection did not show any sign of crack 
propagation in fatigue after it was formed during fabrication.  Furthermore, since the 
paint products on the crack surface extend the full length of the crack, it suggests that the 
crack length did not change since it was originally formed. 
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Figure D.10 - Exposed crack surface of core SB15-C6 
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D.11 – Coring of the web gap detail (Top flange)  
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D.12 – Coring of the web gap detail (Bottom flange) 
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D5. Summary 
 Three cores containing web gap cracks at welded transverse connection plate 
details were extracted from the box-girders carrying north and south bound SR65 over 
the northern approach spans of the Fort Duquesne Bridge.  The cores were prepared and 
examined by researchers at the ATLSS Center of Lehigh University.  The following 
summarizes the findings pertaining to these three cores: 
 
Core NB13-C12 
 
1. Visual inspection of the crack surface did not reveal the cause for crack initiation. 
2. It is highly likely that the crack was formed during fabrication of the detail. 
3. There was no evidence of crack propagation under fatigue. 
 
 
 
Core SB11-C3  
 
1. Visual inspection of the crack surface did not reveal the cause for crack initiation. 
2. Paint products were evident on the crack surface upon exposure suggesting that 
paint leaked through the cracked weld as it was being applied after fabrication. 
3. Blue/brown heat discoloration was obvious on the crack surface, which also 
suggests that the crack was present since fabrication. 
4. There was no evidence of crack propagation under fatigue. 
 
 
 
Core SB15-C6  
 
1. Visual inspection of the crack surface did not reveal the cause for crack initiation. 
2. Paint products were evident on the crack surface upon exposure suggesting that 
paint leaked through the cracked weld as it was being applied after fabrication. 
3. Paint was found over the full length of the crack suggesting no crack extension 
has occurred since fabrication/painting. 
4. There was no evidence of crack propagation under fatigue. 
 
   
Appendix E 
 
 
Fatigue/Fracture Evaluation  
of Backing Bar Splice Detail  
  E-1
E1. Fatigue Evaluation of Discontinuous Backing Bars 
Previous inspection of several box girders of the SR0065 Fort Duquesne approach spans 
had revealed that there were a few locations where longitudinal backing bars, which were used to 
fabricate the web-to-flange weld, were not properly spliced.  Specifically, the backing bars were 
supposed to be spliced using a complete joint penetration (CJP) weld and then fitted to the girder 
flange before the web-to-flange weld was made.  However, the field inspection identified 
locations where the backing bars were simply “butted” together and not fully spliced, as shown 
in the photograph in Figure E.1.  These details have been known to have very poor fatigue 
resistance and have led to fatigue cracking in some structures.  Cracks initiate from the crack-like 
condition where the two backing bars come into contact.  Backing bars were only used on 
exterior webs. 
 The previous inspection reports did not include estimates of the actual number of splice 
locations.  As a result, as part of the current fatigue and fracture evaluation of these spans, 
additional inspection was conducted by personnel from Michael Baker, Inc. within selected 
spans.  Their inspection revealed that there are many locations where such splices exist and 
estimates the number to be between 470 and 500. 
 Since these details are known to have poor fatigue resistance, a fatigue evaluation was 
performed to establish the need for future retrofitting.  The evaluation utilized data from the 
long-term field measurements coupled with fracture mechanics.  The following section 
summarizes this study. 
 
 
 
Figure E.1 - Photograph of typical backing bar splice that was not welded 
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E2. Susceptibility to Fatigue Cracking 
 Although the details are known to have poor fatigue resistance, the need for retrofitting is 
related to the potential for fatigue cracking to occur.  In other words, retrofitting is required if the 
live load stress range is sufficiently large to initiate and propagate a fatigue crack. 
 There is no established AASHTO fatigue category for discontinuous backing bar splices, 
however, previous studies have suggested that category E or E’ is a reasonable lower bound 
estimate (Fritz Lab Report No-386-8(78)). 
 To estimate the potential for cracking, a fracture mechanics approach is required.  The 
geometry of this detail is not covered explicitly by any of the standard fracture mechanics crack 
models.  Thus, a model must be selected which best represents the geometry of the detail and 
provides conservative estimate of the potential for crack growth.  Figure E.2a illustrates the 
geometry of the detail as found in the bridge.  The crack-like condition created by the backing 
bar is also shown.  Although the discontinuity is located near the edge of the flange (and web) 
plate, it is not a free edge since the adjacent web (or flange) provides restraint.  Hence, it would 
be overly conservative to model the crack as an edge crack since the approach assumes no 
material on one side of the crack. 
 However, if one were to idealize the web as simply an extension of the flange plate, 
except oriented in the vertical direction, it can be seen that the condition is similar to a plate with 
a surface crack located at some position within the width of the plate.  By rotating (conceptually) 
the web plate downward until it is horizontal (see Figure E.2b), the similarity of the actual detail 
geometry to the fracture mechanics model becomes more apparent.  Hence, the model selected is 
very similar to that of a plate with a surface crack equal in size to the backing bar region that is 
unfused.   
  
 
 
 (a)  As-built geometry (b) Idealized geometry for evaluation 
 
Figure E.2 – Idealization of backing bar splice for fracture mechanics evaluation 
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For a surface crack assumed to have a circular shape: 
 
   
Where: 
 Q = corrects for the shape of the crack (= 2.4 for a/c = 0.5) 
 a & c are as shown in Figure (a = c for circular or penny shaped crack) 
 ∆Kth= Stress intensity factor (SIF) threshold at which a  
 fatigue crack would be expected to grow 
 
 
 
The stress intensity factor (SIF) threshold at which a fatigue crack would be expected to 
grow is referred to as ΔKth.  The ability of a material to resist fatigue crack growth in the 
presence of an initial flaw is actually a material property.  If exceeded, a fatigue crack would be 
expected to grow.  If the applied SIF were less than ΔKth, then crack propagation would not be 
expected.  
A reasonable estimate of a lower bound value for ΔKth for martensitic, ferrite-pearlite, 
and austenitic steels can be taken as: 
 
ΔKth = 6.4×(1-0.85R) in units of ksi √in with R > 0.1 
 
 Where R is the stress ratio (R = Srmin/Srmax)  
 
Because of the residual tensile stresses present at all welded joints, the entire stress range 
cycle can be assumed to be in tension.  Residual stresses typically approach the yield strength of 
the material in heavily restrained welded structures.  Assuming that the value of the peak live 
load stress is 4.0 ksi (as obtained from the measurements at the transverse flange splice), and that 
Fy = 36 ksi, R is conservatively taken to be 32/36 = 0.888 (With the peak stress range obtained 
from measurements to be 4.0 ksi, Smin = 36.0 – 4.0 = 32) 
 
 
Hence, ΔKth = 6.4×(1-0.85R) ≥ 2 ksi √in 
ΔKth = 1.57 ksi √in 
 
The above estimate of ΔKth is rather conservative, considering a lowerbound of ΔKth = 
2.75 ksi √in is well accepted for evaluation in carbon steel.  In order not to be overly 
conservative, a value of 2.0 ksi √in will be used for ΔKth in the evaluation. 
Q
aKth
πσ )(12.1 Δ=Δ
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For fatigue evaluation, the maximum measured effective stress range at the transverse 
flanges splices was 3.0 ksi, the maximum allowable flaw size ‘a’ is obtained by rearranging the 
equation above: 
 
 
 
 
Resulting in: 
 
a = 0.27 in 
 
 
Thus, cracking would be expected if a crack of 0.27 inches exists at a given splice.  
Assuming an initial crack depth equal to the thickness of the backing bar of 0.375 inches 
suggests that fatigue crack growth would be expected at a splice located in comparable stress 
range areas.  The field measurements also confirm that the number of cycles at these stress 
ranges is very low and amounts to just a few per day.  Nevertheless, in order to estimate the 
number of cycles required to produce a through thickness crack, a fatigue crack growth rate 
estimate was made.  The number of cycles required to grow a crack through the thickness of the 
thinner flanges (which are 3/8 inch thick) assuming an initial crack size of 0.375 in (the thickness 
of the backing bar) is calculated as follows: 
 
 
 
 
 
For the above, the number of cycles until the crack would become through thickness is 
estimated to be 12,580,000 cycles.  Assuming 100 cycles per day (the number of cycles measred 
at the transverse splices was at most 1 cycle per day) yields a life of over 300 years.  Hence, 
cracking would not be expected at these details assuming comparable stress range spectrum. 
Although the above calcuations strongly suggest fatigue cracking at the backing bars 
would not be expected, an estimate of the size of a through thickness crack that can be tolerated 
in the bottom flange (without leading to brittle fracture) is worth calculating.  This is referred to 
as the critical crack size and is evaluated using the equation below, derived for a circular 
embedded crack. 
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 Where: 
‘a’ = radius of the crack 
KIC = Stress intensity factor (SIF) fracture toughness 
σ = Nominal applied stress (dead + live) 
 
KIC is the fracture toughness of the flange material.  For a bridge fabricated during this 
period, no toughness requirements were imposed by the applicable specifications.  
Unfortunately, no experimentally measured toughness values are available for the flanges of the 
SR 0065 approach spans of the Fort Duquesne Bridge.  However, based on material test data 
from bridges of the same period we have evaluated, a conservative estimate of the fracture 
toughness can be estimated.   
We recently completed the failure analysis of the US 422 Bridge over the Schuylkill 
River near Pottstown PA in Penn DOT District 6-0, which was built about the same time frame 
as the SR 0279 Bridges.  The material properties from this bridge are believed to be reasonably 
representative of the period. 
Table 1 gives a summary of the tensile and CVN test results from the US 422 failure 
evaluation.  The web and flange plate conformed to the strength requirements of ASTM A36 
providing average yield points of 38 ksi and 35 ksi, and average tensile strengths of 62 ksi and 
76 ksi, respectively.  Although only the flange satisfied the current AASHTO Zone 2 fracture 
critical toughness requirement for Grade 36 steel of 25 ft-lbs @ 40 °F, the web and gusset plate 
were marginal.  It is important to note that these requirements were not in place when the bridge 
was fabricated. 
 
 
CVN Energy 
(ft-lbs) 
 Yield. 
Strength 
(ksi) 
Tensile 
Strength 
(ksi) 
Elong. 
(2”) 
(%) 0 F 40 F 73 F 90 F 110 F 120 F 150 F 
 
Flange 
 
34.5 
36.0 
 
74.0 
77.5 
 
34.6 
32.7 
4.0 
6.0 
14.5 
27.0 
26.0 
25.0 
31.0 
45.5 
42.0 
46.5 
38.0 
40.5 
 54.5 
61.5 
57.0 
 
 
Web 
 
38.3 
38.3 
 
61.5 
62.0 
 
37.9* 
39.0* 
8.5 
5.5 
6.5 
18.0 
29.0 
15.0 
45.0 
59.0 
51.0 
74.5 
69.5 
65.5 
 76.0 
74.5 
72.0 
 
 
Gusset** 
 
N/A 
 
N/A 
 
N/A 
6.7 
6.7 
4.0 
14.7 
14.7 
13.3 
25.3 
22.7 
20.0 
 33.3 
34.0 
33.3 
 34.7 
37.3 
34.7 
* 1 in. G.L. 
** ¾ Size CVN, Equivalent Full-Size Energy Shown 
 
 
Table 1 - Girder Tensile and CVN Test Results from US 422 Bridge 
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A plot of the CVN test results obtained over a range of temperatures is shown in Figure 
E.3.  For all three plates the notch toughness was at or approaching upper shelf at room 
temperature and hence the static fracture toughness of the steels would be expected to remain 
high at temperatures as low as the minimum service temperature (0 to-30 °F).   An estimate of 
the fracture toughness, KIC (1 sec), corresponding to bridge loading rates can be obtained by 
applying a KId –CVN correlation and temperature shift to the CVN test data.  For the measured 
yield strength of about 38 ksi results in a full static temperature shift  
 
       Tshift = 215 -1.5σy   
     Tshift = 158 °F 
 
Using a ¾ shift for intermediate loading rates applicable to bridges, results in a reduced 
temperature shift of 119 °F.  Therefore, at the minimum service temperature range of -30 °F the 
fracture toughness, KIC (1 sec), can be estimated from the CVN test data obtained at 120 °F.  
Applying the KId –CVN correlation from Rolfe and Barsom:   
 
     KId = [5E (CVN)]1/2   
 
to the web CVN data at 120 °F (i.e., 72 ft-lbs) results in a fracture toughness at intermediate 
loading rates, KIC (1 sec) =  101 ksi(in)1/2  at a service temperature of -30 °F.  A similar analysis 
for the flange and gusset plate material results in a fracture toughness at intermediate loading 
rates, KIC (1 sec) = 78 ksi(in)1/2 and 64 ksi(in)1/2 respectively at a service temperature of -30 °F.  
 
 
Figure E.3 - CVN Test Results for the Girder Plate Elements 
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Conservatively using the lowest value from the gusset plate of 64 ksi √in for this 
evaluation is not unreasonable.  For the evaluation, it will be assumed that the nominal stress in 
at the crack will be equal to the yield stress, 38 ksi. 
 
Rearranging the equation below: 
 
 
 
The above results in a maximum crack radius a equal to 2.2 inches.  It would seem that a 
crack of this size in the bottom flange would be easily observed during routine inspection.  It 
must be noted that the plate thickness of the bottom flange (either 3/8 or 11/16) is rather thin and 
linear elastic fracture mechanics will result in conservative estimates of the critical crack length.  
Furthermore, considering the very low stress ranges measured and the low number of cycles, it 
would take a long time for the crack to grow to the critical length calculated, hence, there would 
likely be ample opportunities for a crack to be observed and repaired during routine inspection.   
In light of the above, there does not appear to be a need to retrofit the unwelded backing 
bar splices at this time.  The observed experience seems to further reinforce this as there have 
been no observed cracks in the estimated 470 to 500 splices in the past 30 plus years of service.   
Retrofit of the splice however is rather easy and simply involves grinding a portion of the 
backing bar on either side of the splice as shown in Figure E.4.  However, it seems this retrofit 
would only be warranted in areas of the greatest positive moment stress range, such as at 
midspan.  If the splice is ground, appropriate NDT inspection procedures should be employed to 
ensure no cracks are present in the web of flange and to verify the quality of the retrofit. 
It should be noted however that under sufficient stress, it is possible for fatigue cracks to 
propagate in the negative moment region due to residual tension stress at these locations.  These 
cracks would likely arrest once the crack has propagated out of the residual tensile stress field. 
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Figure E.4 – View of potential backing bar splice retrofit 
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